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INTRODUCTION 


A  variety  of  energy  systems  undergoing  research  and  development  may 
provide  the  Air  Force  such  benefits  as  reduced  costs,  greater  reliability,  and 
greater  flexibility  than  conventional  commercially  available  energy  systems. 
This  effort  was  funded  to  develop  a  data  base  of  the  key  parameters  of 
selected  systems  to  serve  as  input  to  a  multiple-criteria  decision  computer 
model  that  identifies  the  most  appropriate  energy  technology  for  different  Air 
Force  needs.  These  data  will  also  serve  as  an  informational  base  for  the  Air 
Force's  Civil  Engineering  and  R&D  communities. 

The  specific  objective  of  this  project  was  to  describe  a  selected  set  of 
energy  systems  by  a  particular  set  of  technical  and  economic  parameters  over 
the  1980-2000  time  frame.  To  meet  this  objective,  estimates  of  the  perfor¬ 
mance  parameters  were  developed  for  the  years  1980,  1985,  1990,  and  2000  at 
the  following  full-load  power  output  ratings:  1.5,  5.0,  20.0,  30.0,  60.0, 
100.0,  250.0,  500.0,  750.0,  1000,  and  5000.0  kW. 

This  volume  presents  estimated  parameter  values  for  each  of  the 
technologies  in  the  1990  time  frame  to  indicate  the  performance  of  each 
technology  relative  to  other  similar  technologies.  For  each  of  the  energy 
conversion  technologies,  the  estimated  parameter  values  are  based  on  con¬ 
tinuous  duty  (that  is,  operating  7884  hours  per  year)  at  design  conditions 
with  design  performance  for  new  enuipment.  Obviously,  actual  operating 
conditions  will  vary  considerably  depending  on  the  application,  the  location, 
the  age  of  the  equipment,  and  other  factors.  The  data  developed  in  this  study 
do  not  account  for  variances  between  actual  operating  conditions  and  design 
conditions. 

Obviously,  any  broad  data  base  has  limitations,  and  this  one  is  no 
exception.  Primarily,  the  limitations  result  from  the  fact  that  the  data 
represent  a  wide  range  of  conditions  and  applications  and  as  such  could  result 
in  error  if  the  data  are  taken  at  value  for  any  unique,  specific  applica¬ 
tion.  Recognizing  this  limitation,  the  expected  errors  of  the  predicted  data 
were  calculated  and  are  included  in  Volume  IV  of  this  report.  The  expected 
errors  represent  the  range  of  parameter  values  that  can  be  expected  at  each 
output  level,  and  to  a  great  extent  the  ranges  are  the  result  of  the  need  for 
a  broad-based  data  base  rather  than  a  need  for  specific  information  for  a 
single,  unique  application.  Consequently,  this  data  base  should  provide  the 
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capability  to  screen  technologies  on  a  preliminary  basis  to  identify  the  most 
appropriate  technologies  for  selected  applications  relative  to  the  other 
technologies. 

The  following  energy  conversion  technologies  are  characterized  In  this 
data  base: 

•  Gas  turbines 

—  Open  cycle,  non recuperative  (nonregeneratlve) 

—  Close  cycle 

—  Open  cycle,  recuperative  (regenerative) 

•  Diesels 

—  Turbocompounded 

—  Turbocharged 

—  Adiabatic 

•  Stirlings 

—  Free  piston 

—  Kinematic 

•  Organic  Ranklne  Cycles 

•  Fuel  Cells 

—  Phosphoric  acid 

—  Solid  Polymer  Electrolyte  (SPF) 

—  Molten  carbonate 

•  Photovoltaics 

—  Flat  plate 

—  Actively  cooled 

—  Photochemical 

•  Wind  Turbines 

—  Vertical  axis 

—  Horizontal  axis. 
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The  following  energy  storage  technologies  are  characterized  in  this  data 

base: 

•  Batteries 

—  Zn/Cl2 

—  Zn/Br2 

—  Ni/Fe 

—  Li-Al/FeS2 
—  Na/S 

—  Advanced  sealed  lead-acids 
—  Redox  Cr-Fe 

e  Thermal  Energy  Storage  Devices 

—  CaCl2  *  6H20,  calcium  chloride  hexahydrate 

—  Na2SO^  *  10  HjO,  sodium  sulfate  decahydrate  (Olauher's  salt) 

—  !',a2<’2<13  *  ^  W2n’  so<llum  thiosulfate  pentahydrate 
—  Olivine  ceramic  brick 

—  Magnesite  ceramic  brick 
—  Form-stahle  polyethylene 
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PARAMETER  DEFINITIONS  AMD  GENERAL  ASSUMPTIONS 


The  data  contained  herein  are  to  he  used  for  a  preliminary  screening  of 
technologies  for  certain  applications.  The  user  must  recognize  that  the 
estimated  parameter  values  were  developed  based  on  "average"  or  "generic" 
systems.  For  some  technologies,  such  as  wind  turbine  systems  and  photovoltaic 
systems,  the  site  location  will  affect  certain  parameter  values. 

General  Requirements 

To  minimize  the  ambiguity  of  estimated  parameter  values  included  in  the 
data  base,  definitions  and  assumptions  were  adopted  regarding  the  general 
requirements  and/or  applications  of  each  energy  technology. 

For  energy  conversion  technologies  (that  is,  all  of  the  technologies 
except  batteries  and  thermal  energy  storage  devices),  each  system  is  defined 
to  include  the  technology  and  necessary  halance-of-plant  components  (R.o.p.) 
to  produce  utility-quality  power  on  a  continous  stand-alone  basis  (operating 
90T  of  each  year  at  the  required  power  output  level)  from  a  designated  primary 
energy  source.  Certain  energy  conversion  technologies  can  use  different 
primary  energy  Eorms.  For  example,  Stirling  systems  can  be  fueled  by  diesel 
or  residual  oil. 

For  energy  storage  technologies,  the  following  reauirements  are  assumed: 

•  Batteries.  Batteries  will  supply  DC  power  as  outmit.  To  develop  the 
life-cycle  cost  and  the  annual  cost  of  electricity  reauired  for  charging, 
a  complete  charge/discharge  cycle  is  assumed  to  occur  twice  per  dav  with  a 
total  charge  time  of  8  hours  and  a  total  discharge  time  of  IB  hours.  The 
batteries  will  operate  365  days  per  year  in  a  load-leveling  mode. 

•  Thermal  Energy  Storage.  The  thermal  energy  storage  devices  are  assumed  to 
be  used  for  space-heating  applications  with  a  continuous  diurnal  cycle 
(365  days  per  year  of  operation)  with  a  discharge  time  of  10  hours. 

Parameter  Definitions 

Type.  This  parameter  value  is  either  mobile,  transportable ,  or  fixed  and 
refers  to  the  complete  energy  system,  not  lust  the  component  technology. 

Mobile,  transportable,  and  fixed  are  defined  as  follows: 

•  A  system  is  mobile  if  1)  it  is  transportable  by  truck  or  aircraft  and  2) 
can  be  assembled  or  dismantled  within  B  hours  with  no  prior  site 
preparation.  A  system  is  transportable  by  truck  if  the  system  itself  or 
the  largest  component  of  the  system  can  be  broken  down  and  does  not  exceed 
the  dimensions  of  10  feet  wide  by  13  feet  high  by  60  feet  long.  For  air 
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transportability,  the  system  or  largest  component  of  the  system  cannot 
exceed  16  feet  wide  by  4  feet  high  by  100  feet  long,  nor  can  it  exceed  a 
weight  limit  of  350  pounds  per  square  foot  floor  loading. 

e  A  system  is  transportable  if  1)  it  is  transportable  by  aircraft  subject  to 
the  same  limitations  as  mobile  and  2)  can  be  set  up  or  removed  within 
1  week  with  only  minor  site  preparation. 

e  A  system  that  is  neither  mobile  nor  transportable  is  fixed. 

Fuel  Capability.  Fuel  capability  indicates  the  fuels  that  can  provide 
the  primary  energy  source  for  each  system.  Primary  fuels  for  the  purpose  of 
this  study  include  — 

e  JP-4 

e  Diesel  (DF-1  or  DF-2) 
e  Electricity 
e  Natural  gas 

•  Solar 

•  Wind 

e  Thermal  (heat) 

Systems  that  have  multifuel  capabilities  are  denoted  ’’multi.*' 

System  Acquisition  Cost.  This  is  the  estimated  total  installed  cost  of 
the  energy  system  excluding  land  procurement  (in  I9R0  dollars). 

Annual  Operating  and  Maintenance  Cost.  This  Is  the  estimated  annual  cost 
of  operating  the  energy  system  (in  1980  dollars).  It  includes  all  operating 
and  maintenance  expenses  except  for  fuel  costs. 

System  Efficiency: 

•  Gas  Turbines.  Diesels,  Stirlings,  Organic  Ranklne  Cycles.  Fuel  Cells.  The 
system  efficiency  is  — 

power  output  *  primary  fuel  energy  input  rate 

It  represents  full-load  efficiency  of  new  equipment  based  on  higher 
heating  value  of  the  designated  fuel,  but  does  not  Include  the  energy 
content  of  by-product  energy  recovery  unless  specifically  noted. 

Efficiency  is  measured  in  percent. 

•  Fhotovoltaics.  System  . lciency  equals  — 
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(Dally  energy  productivity)  *  Dally  Insolation  X  Collector  area 

in  plane  of  per  kW 

collector 

where  — 

—  Daily  energy  productivity  Is  24  kWhr  per  continuous  kW  Installed 
capacity.  (A  one  kW  system  is  sized  to  produce  24  kWhr  per  day.) 

—  Dally  insolation  in  the  plane  of  the  photovoltaic  collector  is 
1204  Btu/ft^  day  for  flat-plate  systems,  and  1109  Ptu/ft^  day  for 
actively  cooled  systems. 

—  Collector  area  per  kW  is  783.5  ft^  for  flat-plate  systems  and  1078  ft^ 
for  actively  cooled  photovoltaic  systems. 

•  Wind  Turbines.  System  efficiency  eauals  — 

[System  output  (kW)  at  a  mean  wind  speed  of  8.1  mphl  * 

[Power  in  wind  at  S.l  mph  average  wind  speed  1 

•  Batteries.  System  efficiency  equals  — 

[System  energy  output  1  *  [System  energy  input] 

Input  and  output  energy  is  DC  power.  The  AC-to-DC  charger  efficiency  of 
SOX  is  reflected  in  the  amount  of  electricity  reauired  to  charge  the 
battery  system. 

•  Thermal  Energy  Storage.  System  efficiency  equals  — 

[System  thermal  energy  output]  *  [Fnergy  required  for  charging] 

Fuel  Consumption: 

•  Cas  Turbines,  Diesels.  Stirlings,  Organic  Rankine  Cycles,  Fuel  Cells.  For 
energy  conversion  technologies,  fuel  consumption  Is  the  calculated  rate  of 
fuel  consumption  of  the  designated  fuel  divided  bv  the  svstem  at  its 
designated  output  during  continuous  operation.  Fuel  consumption  is 
measured  in  gallons  per  hour,  except  for  systems  fueled  bv  natural  gas, 
which  is  measured  in  Btu  per  hour. 

•  Photovoltalcs  and  Wind  Turbines .  These  systems  have  zero  fuel 
consumption. 

•  Electricity  Required  for  Charging  (Batteries).  Flectricitv  required  for 
charging  is  the  calculated  energy  requirement  of  electricity  to  obtain 

l  kWhr  of  energy  output.  Direct  current  electricity  required  for  charging 
is  measured  as  kWhr.n  (into  the  battery)  per  (delivered  to 

load).  The  AC-to-DC  charger  efficiency  of  90X  is  reflected  in  the  amount 
of  electricity  required  to  charge  the  hattery  system. 

•  Annual  Energy  Required  for  Charging  (Thermal  Fnergy  Storage).  This  is  the 
annual  consumption  of  the  designated  fuel  over  its  duty  cycle  of  one 
charging  and  one  discharging  period  per  day  (measured  in  Btu). 
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Designated  Fuel.  The  fuel  on  which  fuel  consumption,  annual  fuel  costs, 

and  life-cycle  costs  are  based. 

Annual  Fuel  Cost: 

•  Gas  Turbines,  Diesels.  Stirlings,  Organic  Rankine  Cycles.  Fuel  Cells. 
Batteries .  This  is  the  calculated  annual  cost  of  designated  fuel:  the 
product  of  the  designated  fuel  price  times  the  annual  fuel  consumption  of 
the  energy  system.  Fuels,  prices,  and  energy  content  are  in  Tahle  1.  The 
prices  are  defined  as  the  worldwide,  standard  price  of  fuel  from  the  DPSC 
stock  fund.  The  prices  quoted  are  based  on  the  average  contract  prices  of 
fuels  in  stock  plus  the  average  transportation  costs  to  users. 

Electricity  is  not  included  in  the  DFSC  stock  fund  as  a  fuel.  F.lectricitv 
costs  are  subiect  to  regional  variations  in  cost.  The  cost  of  electricity 
in  Table  1  is  consistent  with  the  II. 8.  Industrial  Price  Average  for 
February  1980.  Note  that  the  prices  in  Table  1  are  expressed  in  1980 
dollars  with  no  escalation. 

•  Photovoltaics ,  Wind  Turbines.  The  costs  of  “fuel"  for  solar  and  wind 
powered  systems  are  maintained  at  zero. 

•  Thermal  Energy  Storage:  CaCl^  *  6H3O.  Na^SO^  *  ID  H^Q,  Na^S^O-^  *  SH^O, 
Form-Stable  Polyethylene.  For  those  thermal  energy  storage  devices  where 
heat  is  the  primary  energy,  the  cost  of  that  heat  is  assumed  to  he  zero  as 
the  cost  is  implicitly  included  in  Che  cost  of  energy  from  the  energy 
conversion  system. 

Table  1.  FUEL  PRICE  AND  ENERGY  CONTENT 
Fuel  Price, 


1980 

Dollars /Mi 11 ion 

Btu 

Fnergv  Content, 

Fuel 

1980 

1985 

199n 

2000 

Htu/n.S.  Gallon 

JP-4 

8.55 

8.82 

8.82 

8.82 

127,500  to  135,714 

Diesel 

8. AO 

8.(52 

8.(52 

8.(52 

138,095  to  145,238 

Electricity* 

1.58 

2.79 

2.79 

2.79 

Not  Applicable 

Natural  Gas 

2.39 

2.47 

2.47 

2.47 

911  to  1012  Btu/SCF 

Note:  These 

prices  are 

the  cost 

of  fuel 

into  an 

energy  system,  not  the  cost 

of  energy  delivered  from  the  system. 
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Fuel  price  in  cents  per  kWhr 


Life-Cycle  Cost.  The  life-cycle  cost  Is  the  calculated  cost  of  acquir¬ 
ing,  operating  (Including  fuel  use),  and  maintaining  the  energy  system  at  con¬ 
tinuous  operation  at  Its  output  level  for  20  years.  The  life-cycle  cost  is 
the  present  value  (as  of  the  first  year  of  svstem  operation)  of  the  sum  of  all 
system-resultant  costs  Incurred  over  a  20-year  evaluation  period.  A  20-year, 
common  evaluation  period  is  required  to  facilitate  a  direct  and  valid 
comparison  of  the  large  number  of  energy  conversion  systems  being  considered 
in  this  study  given  their  varying  service  lives,  maintenance  intervals,  and 
other  factors  which  will  affect  the  amount  and  timing  of  system  costs.  The 
term  "present  value"  refers  to  a  cash  flow  that  has  been  adlusted  to  reflect 
the  interest  that  could  he  earned,  or  must  he  paid  between  the  time  the  flow 
actually  occurs  and  a  specified  "present"  time.  A  107  discount  rate  was  used 
for  calculations  that  reflect  the  opportunity  cost  of  diverting  financial 
resources  from  the  private  to  the  puhlic  sector.  This  rate  is  the  standard 
discount  rate  to  be  used  in  evaluating  time-distrihuted  costs  and  benefits  for 
federal  investments,  as  established  In  the  Office  of  Management  and  Budget 
(OMB)  Circular  No.  A-94.  Taxes  and  depreciation  (a  noncash  expense  for 
offsetting  taxes)  are,  of  course,  not  applicable  to  Department  of  Defense  cost 
analyses.  Life-cycle-costs  are  in  1980  dollars  per  unit  of  energy  output  with 
no  real  excalation  for  fuel  costs. 

The  life-cycle  cost  (LCC)  of  each  system  was  calculated  using  the 
following  equation: 

LCC  -  PV  (TIC)  +  PV  (AOC)  +  PV  (F.MC)  +  PV  (AFC)  +  PV  ( FRO) 

where  — 

PV  *  The  present  value  operator  (eauals  1.0  for  TIC,  8.513  for  AOC,  and  20 
for  the  AFC;  dependent  on  energy  conversion  technology  for  FMC  and 
FRC). 

TIC  ■  The  total  installed  cost  of  the  energy  conversion  system  including  the 
acquisition  cost,  the  cost  of  balance  of  svstem  components,  and 
Installation,  excluding  the  cost  of  land 

AOC  -  The  annual  operating  and  maintenance  costs,  exclusive  of  fuel,  over 
the  20-year  evaluation  period 

AFC  *  The  annual  fuel  costs  over  the  20-year  evaluation  period  (in  1880 
dollars  with  no  real  escalation) 

EMC  *  any  extraordinary  (above  the  normal  AOC)  maintenance  cost  which  mnv 

occur  over  the  20-vear  evaluation  period  (e.g.,  major  overhauls  of  the 


system  Co  extend  expected  system  life  to  20  years;  or  battery 
replacements) 

FRO  -  the  future  replacement  cost  of  any  components  of  the  energy  conversion 
system.  If  required  during  the  20-year  evaluation  period 

Start-up  Time  (Gas  Turbines,  Diesels,  Organic  Rankine  Cycles,  Fuel  Cells, 
Photovoltalcs ,  Wind  Turbines).  The  start-up  time  is  the  elapsed  time,  in 
minutes,  for  the  system  to  achieve  full  output  from  a  “ready  to  start"  or 
"cold  start"  condition. 

Shutdown  Time  (Oas  Turbines,  Diesels.  Organic  Rankine  Cycles.  Fuel  Cells, 
Photovoltalcs,  Wind  Turbines).  The  shutdown  time  Is  the  elapsed  time.  In 
minutes  to  bring  a  system  from  a  full  output  condition  to  an  off  or  standhv 
mode . 

Charge  Time  (Batteries,  Thermal  Energy  Storage).  The  charge  time  is  the 
nominal  elapsed  time  in  minutes  for  the  energy  storage  system  to  he  fully 
charged.  Faster  and  slower  discharge  times  are  possible. 

Discharge  Time  (Batteries,  Thermal  Energy  Storage).  The  discharge  time 
is  the  nominal  elapsed  time  In  minutes  for  the  energv  storage  svstem  to  ho 
fully  discharged.  Faster  and  slower  discharger  times  are  possible. 

Volume.  This  Is  the  volume  of  the  envelope  of  the  Installed  energy 
system  measured  In  cubic  feet. 

Area.  This  is  the  land  or  surface  area  reouired  for  the  installed  energv 
svstem  measured  In  square  feet. 

Weight .  This  Is  the  total  weight  of  the  complete  energv  svstem  measured 
In  pounds. 

Qualitative  Parameters 

The  qualitative  parameters  of  reliability,  environmental  constraints, 
locational  constraints,  and  operational  constraints  were  evaluated  in  terms  of 
factors  that  impact  the  parameters. 

Reliability.  This  is  a  qualitative  parameter  that  indicates  the  poten¬ 
tial  for  unanticipated  outages  of  the  energy  system.  Reliability  is  evaluated 
in  terms  of  the  following  factors:  moving  parts,  operating  temperature, 
modularity  (redundancy),  stress  levels,  corrosion,  and  others.  Reliability  is 
measured  on  an  ordinal  scale: 
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1.  High  potential  unreliability 

2.  Moderate  potential  unrellahilty 

3.  Average 

4.  Moderate  reliability 

5.  High  reliability. 

Environmental  Constraints.  This  is  a  qualitative  parameter  that 
indicates  the  potential  for  environmental  insult  resulting  from  implementation 
of  the  energy  system.  This  parameter  is  evaluated  in  terms  of  the  following 
factors:  thermal  discharge,  air  pollution  including  CO,  NOx,  SOy,  HC, 

particulates,  and  others;  noise;  odor;  solid  waste;  and  chemical  waste. 
Environmental  constraints  are  measured  on  an  ordinal  scale: 

1.  Extreme  potential  environmental  constraint 

2.  High  potential  environmental  constraint 

3.  Average  potential  environmental  constraint 

4.  Moderate  potential  environmental  constraint 

5.  Minimum  potential  environmental  constraint 

Locational  Constraints.  This  is  a  qualitative  parameter  that  indicates 
the  potential  for  locational  constraints  that  could  limit  the  applicabl Lit v  of 
the  energy  svstems.  This  parameter  is  evaluated  in  terms  of  the  following 
factors:  water  requirements,  manning  requirements,  fuel  availability,  fuel 

storage,  and  others  (such  as  solar  or  wind).  Locational  constraints  are 
measured  on  an  ordinal  scale: 

1.  Extreme  potential  locational  constraints 

2.  High  potential  locational  constraints 

3.  Average  locational  constraints 

4.  Moderate  locational  constraints 
"5.  Minimum  locational  constraints 

Operational  Constraints.  This  is  a  qualitative  parameter  that  indicates 
the  turn-down  and  load-following  capabilities  of  the  system  relative  to 
operating  efficiency.  This  parameter  is  evaluated  in  terms  of  part-load 


capability,  overload  capability,  and  load-following  capability.  Operational 
constraints  are  measured  on  an  ordinal  scale  as  follows: 


1.  No  turn-down  capability 

2.  Turn-down  capability  with  high  efficiency  penalty 
1.  Average  turn-down  capability 

4.  Moderate  turn-down  capability;  moderate  efficiency  penalty 

5.  Excellent  turn-down  capability;  minor  efficiency  penalty. 

Some  of  the  above  parameters  were  graphed  to  show  trends  versus  size, 
that  future  technologies  could  be  compared,  1000  values  were  used  in  all  of 
these  figures.  The  abbreviation  NCA  in  the  tables  means  Not  Commercially 
Available  in  that  time  frame. 


So 
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TECHNOLOGY  DESCRIPTIONS 


Diesels 

There  are  three  diesel  systems  of  Interest  In  this  study:  turbocharged, 
turbocompounded,  and  adiabatic  (Figure  l).  Diesels  produce  shaft  power,  which 
is  then  converted  to  AC  power  by  an  AC  generator.  Turbocompounded  diesels 
should  he  more  efficient  than  turbocharged  diesels  because  of  the  additional 
shaft  power  derived  from  the  exhaust-gas  driven  turbine.  Adiabatic  diesels 
operate  at  higher  pressures  and  temperatures  than  the  turbocompounded  and 
turbocharged  systems.  (The  adiabatic  is  not  cooled.)  Because  of  the  higher 
pressure  and  temperature  operation,  overall  system  efficiency  is  expected  to 
be  greater  for  the  adiabatic  diesel  than  for  the  turbocompounded.  The  svstem 
may  also  he  lighter  and  more  reliable  by  the  elimination  of  the  cooling 
system. 

Diesel  generators  are  typically  used  as  hack-up  systems  for  utility- 
supplied  power  or  in  remote  locations  without  a  utility  power  grid.  Thev 
operate  in  continuous  or  intermittent  service.  As  previously  mentioned,  the 
data  presented  here  are  for  continuous  operation  (365  days  per  year  at 
hours  per  day  less  107  of  that  time  for  scheduled  maintenance)  producing 
utllitv-quality  power. 

Technology  Status.  Turbocompounded  diesels  will  he  commercially  aval lahle 
in  capacities  greater  or  equal  to  100, D  kW  starting  in  1985,  Turbocharged 
diesels  are  current  technology  and  are  currently  commercially  available  in 
capacities  greater  or  equal  to  5.0  kW.  Adiabatic  diesels  will  be  commercially 
available  in  capacities  greater  or  equal  to  125.0  kW  starting  in  1990.  The 
major  constraint  of  the  adiabatic  diesel  is  the  need  to  develop  composite 
ceramic/metal  structures  consistent  with  the  1800°F  operating  temperature. 
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Figure  1.  DIESEL  SYSTEMS 


Type .  Most  diesels  are  mobile  up  Co  Che  megawatt  sizes,  which  are 
cransporcahle  (Table  2). 

Table  2.  DIESEL  TYPE  (Mobile  or  TransporCable) 


POWER  OUTPUT 
LEVEL,  KW 

YEAR 

TURBO- 

COMPOUNDED 

TURBO¬ 

CHARGED 

ADIABATIC 

1.5 

1980 

MCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

NCA 

5.0 

1980 

NCA 

M 

NCA 

1985 

NCA 

M 

NCA 

1990 

NCA 

M 

NCA 

2000 

NCA 

M 

NCA 

20.0 

1980 

NCA 

M 

NCA 

1985 

NCA 

M 

NCA 

1990 

NCA 

M 

NCA 

2000 

NCA 

M 

NCA 

30.0 

1980 

NCA 

M 

NCA 

1985 

NCA 

M 

NCA 

1990 

NCA 

M 

NCA 

2000 

NCA 

M 

NCA 

60.0 

1980 

NCA 

M 

NCA 

1985 

NCA 

M 

NCA 

1990 

NCA 

M 

NCA 

2000 

NCA 

M 

NCA 

100.0 

1980 

NCA 

M 

NCA 

liooo.o 


System  Acquisition  Coat.  Diesel  “System  Acquisition  Cost”  parameter 
values  are  presented  in  Table  3  and  in  Figure  2  in  1980  dollars  as  a  function 
of  size. 


Table  3.  DIESEL  SYSTEM  ACQUISITION  COST  (1980  DOLLARS) 


POWER  OUTPUT 

LEVEL,  KW 

YEAR 

TURBO- 

COMPOUNDED 

TURBO¬ 

CHARGED 

ADIABATIC 

1.5 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

NCA 

5.0 

1980 

NCA 

4.82E03 

NCA 

1985 

NCA 

4.82E03 

NCA 

1990 

NCA 

5.30EO3 

NCA 

2000 

NCA 

5.30EO3 

NCA 

20.0 

1980 

NCA 

2.32E04 

NCA 

1985 

NCA 

2.32E04 

NCA 

1990 

NCA 

2.55E04 

NCA 

2000 

NCA 

2 . 55E04 

NCA 

30. 0 

1980 

NCA 

3.88E04 

NCA 

1985 

NCA 

3.88E04 

NCA 

1990 

NCA 

4.27E04 

NCA 

2000 

NCA 

4.27E04 

NCA 

60.0 

1980 

NCA 

1.01EO5 

NCA 

1985 

NCA 

1.01E05 

NCA 

1990 

NCA 

1.1 1E05 

NCA 

2000 

NCA 

1. 11E05 

NCA 

100.0 

1980 

NCA 

2.22E05 

NCA 

1985 

3.55E05 

2.22E05 

NCA 

1990 

3.91K05 

2.44E05 

NCA 

2000 

J.91E05 

2.44E05 

NCA 

2  30.0 

1980 

NCA 

4.80EO5 

NCA 

1985 

7.68E05 

4.80E05 

NCA 

1990 

8.45E05 

5.28E05 

7.61EU5 

2000 

8.45E05 

5.28E05 

7.61E05 

500.0 

1980 

NCA 

8.46E05 

NCA 

1985 

1.35E06 

8.46E05 

NCA 

1990 

1.49E06 

9.31E05 

1 .34E06 

2000 

1.49E06 

9. 31E05 

L.34E06 

750.0 

1980 

NCA 

1.17E06 

NCA 

1985 

1.87E06 

1.17E06 

NCA 

1990 

2.06E06 

1.29E06 

1.83E06 

2000 

2.06E06 

1.29E06 

1.83E06 

1000.0 

I960 

NCA 

1.47E06 

NCA 

1985 

2.35E06 

1.47E06 

NCA 

1990 

2.59E06 

1.62E06 

2.33E06 

2000 

2.S9E06 

1.62E06 

2.33E06 

5000.0 

1980 

NCA 

4.70E06 

NCA 

1985 

7.52E06 

4.70E06 

NCA 

1990 

8.27E06 

S.17E06 

7.45E06 

16 


kW 


Figure  2.  DIESEL  SYSTEM  ACQUISITION  COST 


Annual  Operations  and  Maintenance  Costa,  Mesel  "Annual  Operations  and 
Maintenance  Costs"  parameter  values  are  presented  In  Table  4  and  In  Figure  1 

Table  4.  DIESEL  ANNUAL  OPERATIONS  AND 
MAINTENANCE  COST  (1980  DOLLARS) 


5 

a. 


POWER  OUTPl 
LEVEL,  K W 

YEAR 

turbo- 

compounded 

1  £> 

1  Ui 

O  O 

is 

U 

ADIABATIC 

1.5 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

NCA 

5.0 

1980 

NCA 

1.21E02 

NCA 

1985 

NCA 

1.21E02 

NCA 

1990 

NCA 

1 . 33E02 

NCA 

2000 

NCA 

1 . 33E02 

NCA 

20.0 

1980 

NCA 

3.78E02 

NCA 

1985 

NCA 

3.  78E02 

NCA 

1990 

NCA 

4.16E02 

NCA 

2000 

NCA 

4. 16E02 

NCA 

30.0 

1980 

NCA 

5.47EU2 

NCA 

1985 

NCA 

5 .471.02 

NCA 

1990 

NCA 

6.02E02 

NCA 

2000 

NCA 

6.02EO2 

NCA 

60.0 

1980 

NCA 

l . 10E03 

NCA 

1985 

1.10E03 

NCA 

1990 

■ 

1.21E03 

NCA 

2000 

• 

1.21E03 

NCA 

100.0 

1980 

NCA 

2.03E03 

NCA 

1985 

3.25E03 

2.03EO) 

NCA 

1990 

3.58E03 

2.23E03 

NCA 

2000 

3.  5SE03 

2.23E03 

NCA 

250.0 

1980 

NCA 

3.65E03 

NCA 

1985 

5.84E03 

3.65E03 

NCA 

1990 

6.42E03 

4.01E03 

5.78E03 

2000 

6.41E03 

4.01EO3 

5. 78E03 

500.0 

1980 

NCA 

7.08E03 

NCA 

1985 

t. 13E04 

7.08E03 

NCA 

1990 

1.24E04 

7.79E03 

1. I2E04 

2000 

1.24E04 

7.79E03 

1.12E04 

750.0 

1980 

NCA 

1.16E04 

NCA 

1985 

1.85E04 

1 . 16E04 

NCA 

1990 

2.03E04 

1.27E04 

1 . 80E04 

2000 

2.03EO4 

I.27E04 

1.80E04 

1000.0 

1980 

NCA 

1.71E04 

NCA 

1985 

2.74E04 

1 . 7 1E04 

NCA 

1990 

3.01EO4 

1.88E04 

2.71E04 

2000 

3.01  BOA 

1.88E04 

2.71E04 

5000.0 

1980 

NCA 

1 . 84 EOS 

NCA 

1985 

2.95E05 

1.84E05 

NCA 

1990 

3.24E05 

2.03E05 

2.92E05 

3.24E05 

2.03E05 

2.92E05 

18 


i 


.9 


kW 

Figure  4.  DIESEL  SYSTEM  EFFICIENCY 
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Fuel  Consumption.  Diesel  "Fuel  Consumption"  parameters  values  are 
presented  in  Table  6  and  Figure  5.  Typically,  diesels  are  fueled  with  DF-1  or 
DF-2,  but  some  manufacturers  in  Europe  (for  example,  Stal  Laval)  are 
developing  diesels  for  residual  fuel.  Because  of  the  price  differential  this 
would  tend  to  decrease  the  life-cycle  cost  of  diesel  systems.  (Residual  is 
about  $5. 85/million  Btu;  DF-1  and  DF-2  are  about  S8. 62/million  Rtu.) 


Table  6.  DIESEL  FUEL  CONSUMPTION 


1 

POWER  OUTPUT 

LEVEL,  KU 

year 

TURBO- 

COMPOUNDED 

a 

1  Ui 

o  o 

li 

h-  U 

ADIABATIC 

1.5 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

NCA 

5.0 

1980 

NCA 

0.45 

NCA 

1985 

NCA 

0.41 

NCA 

1990 

NCA 

0.39 

NCA 

2000 

NCA 

0.39 

NCA 

20.0 

1980 

NCA 

1.66 

NCA 

1985 

NCA 

1.51 

NCA 

1990 

NCA 

1.43 

NCA 

2000 

NCA 

1.43 

NCA 

30.0 

1980 

NCA 

2.45 

NCA 

1985 

NCA 

2.24 

NCA 

1990 

NCA 

2.12 

NCA 

2000 

NCA 

2.12 

NCA 

60.0 

1980 

NCA 

4.  74 

NCA 

1985 

NCA 

9.29 

NCA 

1990 

NCA 

4.09 

NCA 

2000 

NCA 

4.09 

NCA 

100.0 

1980 

NCA 

7.71 

NCA 

1985 

5.93 

6.99 

NCA 

1990 

5.65 

6.66 

NCA 

2000 

5.65 

6.66 

NCA 

250.0 

1980 

NCA 

18.5 

NCA 

1985 

14 . 8 

16.7 

NCA 

1990 

14.1 

15.9 

12.7 

2000 

14.  1 

15.9 

12.7 

500.0 

1980 

NCA 

35.7 

NCA 

1985 

28.4 

32.5 

NCA 

1990 

26.3 

30.9 

25.  1 

2000 

26.3 

30.9 

25.1 

750.0 

1980 

NCA 

52.8 

NCA 

1985 

40.5 

47.8 

NCA 

1990 

38.7 

45.6 

37.2 

2000 

38.7 

45.6 

37.2 

1000.0 

1980 

NCA 

69.6 

NCA 

1985 

53.5 

63*2 

NCA 

1990 

50.9 

60.1 

49.1 

2000 

50.9 

60. 1 

49.1 

5000.0 

1980 

NCA 

326 

NCA 

1985 

251 

295 

NCA 

1990 

239 

283 

233 

239 

283 

233 

22 


Figure  5.  DIESEL  FUEL  CONSUMPTION 


mu 


Annual  Fuel  Cost.  Diesel  "Annual  Fuel  Cose"  parameter 
1980  dollars  and  no  real  escalation,  are  presented  In  Table 


values,  based  on 
7  and  In  Figure  A. 


Table  7.  DIESEL  ANNUAL  FUEL  COST  (1980  DOLLARS) 


POWER  OUTPUT 

LEVEL,  KW 

YEAR 

o 

U) 

o 

z 

o  o 

Sfc 

=>  o 

1-  o 

3 

1 

<2  <Z 

oc  < 

H  U 

ADIABATIC 

1.5 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

NCA 

5.0 

1980 

NCA 

4.20E03 

NCA 

1985 

NCA 

3.92E03 

NCA 

1990 

NCA 

3.73E03 

NCA 

2000 

NCA 

3.73E03 

NCA 

20.0 

1980 

NCA 

1 . 56E04 

NCA 

1985 

NCA 

1.45E04 

NCA 

1990 

NCA 

l . 38E04 

NCA 

2000 

NCA 

1 . 38E04 

NCA 

30.0 

1980 

NCA 

2.  30E04 

NCA 

1985 

NCA 

2.15E04 

NCA 

1990 

NCA 

2.04E04 

NCA 

2000 

NCA 

2.04E04 

NCA 

60.0 

1980 

NCA 

4.44E04 

NCA 

1985 

NCA 

4. 13E04 

NCA 

1990 

NCA 

3.93E04 

NCA 

2000 

NCA 

3.93E04 

NCA 

100. 0 

1980 

NCA 

7.22E04 

NCA 

1985 

5. 70E04 

6. 72E04 

NCA 

1990 

5 . 9  3E04 

b .  U  1  EO<» 

NCA 

2000 

5.43E04 

6.41K04 

NCA 

330.0 

1980 

NCA 

1 . 73E05 

NCA 

1985 

1.42E05 

1.61E05 

NCA 

1990 

1. 36E05 

1 . 53E05 

1. 22E05 

2000 

1. 36E05 

1.53E05 

1 . 22E05 

500.0 

1980 

NCA 

3. 35E05 

NCA 

1985 

2.73E05 

3.13E05 

NCA 

1990 

2.53E05 

2.97E05 

2. 41  EOS 

2000 

2.53E05 

2.97E05 

2.41E05 

750.0 

1980 

NCA 

4.95E05 

NCA 

1985 

3.90E05 

4.60E05 

NCA 

1990 

3.72E05 

4.39E05 

5.5UE05 

2000 

3.72E05 

4.39E05 

3.53E05 

1000.0 

1980 

NCA 

6.52E05 

NCA 

1985 

S.15E0S 

6.08E05 

NCA 

1990 

4.90E05 

5.78E05 

4.72E05 

2000 

4.90E05 

5.78E05 

4.72E05 

5000.0 

1980 

NCA 

3.  06E06 

NCA 

1985 

2.41 E06 

2.84E06 

NCA 

1990 

2.30EO6 

2.72E06 

2.24E06 

2000 

2.30E06 

2. 72E06 

2.24E06 

24 


Figure  6.  DIESEL  ANNUAL  FUEL  COST 
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Life-Cycle  Cost.  Diesel  "Life-Cycle  Cost"  parameter  values  are  presented 
in  Table  8  and  Figure  7. 


Table  8.  DIESEL  LIFE-CYCLE  COSTS  (1980  cents/kW) 


liooo.o 


MCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

5.28 

NCA 

NCA 

4.97 

NCA 

NCA 

4.84 

NCA 

NCA 

4.84 

NCA 

NCA 

5.05 

NCA 

NCA 

4.75 

NCA 

NCA 

4.65 

NCA 

NCA 

4 .  AS 

NCA 

NCA 

5.  Oh 

NCA 

NCA 

4.  79 

NCA 

NCA 

4.68 

NCA 

NCA 

4.68 

NCA 

NCA 

5.  16 

NCA 

NCA 

4. 88 

NCA 

NCA 

4.82 

NCA 

NCA 

4.82 

NCA 

NCA 

5.42 

NCA 

5.50 

5.15 

NCA 

5 .  60 

5.  1  1 

NCA 

5.60 

5.11 

NCA 

NCA 

5.0  I 

NCA 

5.  14 

4.77 

NCA 

5.22 

4.7! 

4 . 69 

5.22 

4.7! 

4. 69 
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4.  77 
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4.78 

4.51 

NCA 

4.  76 

4 .  A7 

4.42 

4.  7b 

4.47 

4.42 

NCA 

4.64 

NCA 

4.52 

4.  38 

NCA 

4.57 

4.  34 

4.25 

4.57 

4.34 

4.25 

NCA 

4.  54 

NCA 

4.42 

4.31 

NCA 

4.45 

4.25 

4.  17 

4.45 

4.25 

4.  17 

NCA 

4.  10 

NCA 

3.87 

3.86 

■ 

3.88 

3.81 

EEa 

3.88 

3.81 

■ 
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Figure  7.  DIESEL  LIFE-CYCLE  COST 


System  Volume.  Diesel  "System  Volume"  parameter  values  are  presented 
Table  9  below. 


Table  9.  DIESEL  SYSTEM  VOLUME  (CUBIC  FEET) 


POWER  OUTPUT 

LEVEL,  KU 

YEAR 

TURBO- 

COMPOUNDED 

TURBO- 

CHARCED 

ADIABATIC 

X .  5 

1980 

NCA 

NCA 

NCA 

1985 

MCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

NCA 

5.0 

1980 

NCA 

1.55E01 

NCA 

1985 

NCA 

1.55E01 

NCA 

1990 

NCA 

1.55E01 

NCA 

2000 

NCA 

1.55E01 

NCA 

20.0 

1980 

NCA 

4.02E01 

NCA 

1985 

NCA 

4.02E01 

NCA 

1990 

NCA 

4.02EOI 

NCA 

2000 

NCA 

4.02E01 

NCA 

30.0 

1980 

NCA 

5.24E01 

NCA 

1985 

NCA 

5.  24E01 

NCA 

1990 

NCA 

5.24E01 

NCA 

2000 

NCA 

5.24E01 

NCA 

60.0 

1980 

NCA 

8.11E01 

NCA 

1985 

NCA 

8.11E01 

NCA 

1990 

NCA 

8. 1 1E01 

NCA 

2000 

NCA 

8.11E01 

NCA 

IJO.O 

1980 

NCA 

1.UE02 

NCA 

1983 

1. I1E02 

1.1IE02 

NCA 

1990 

l. IIE02 

1.11 E02 

NCA 

2000 

l. 1 1E02 

1.11E02 

NCA 

330.0 

1980 

NCA 

1.91E02 

NCA 

1985 

1.91E02 

1.91E02 

NCA 

1990 

1.91 £02 

1.91E02 

1 .  72E02 

2000 

1.91E02 

1.91E02 

1.  72E02 

500.0 

1980 

NCA 

2.93E02 

NCA 

1985 

2.93E02 

2.93E02 

NCA 

1990 

2.93E02 

2.93E02 

2.63E02 

2000 

2.93E02 

2.93E02 

2.63E02 

750.0 

1980 

NCA 

3.87E02 

NCA 

1985 

3.87E02 

3.87E02 

NCA 

1990 

3.87E02 

3.87E02 

3.48E02 

2000 

3.87E02 

3.87E02 

3.48E02 

1000.0 

1980 

NCA 

4.81E02 

NCA 

1985 

4.81E02 

4.81E01 

NCA 

1990 

4.81E02 

4.81E02 

4.33E02 

2000 

4.81E02 

4.81E02 

4.33E02 

5000.0 

1980 

NCA 

2.57E03 

NCA 

1985 

2.57E03 

2.S7E03 

NCA 

1990 

2.57E03 

2.57E03 

2.31E03 

wm—m 

^g0(^ 

2.57E03 
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System  Weight.  Diesel  "System  Weight"  parameter  values  are  presented  in 
Table  10. 


Table  10.  DIESEL  SYSTEM  WEIGHT  (POUNDS) 


1  POWER  OUTPUT 

LEVEL,  KW 

ac 

< 

>- 

TURBO- 

COMPOUNDED 

TURBO¬ 

CHARGED 

ADIABATIC 

1.5 

TsstT 

MCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

NCA 

5.0 

1980 

NCA 

9.84E02 

NCA 

1985 

NCA 

9.84E02 

NCA 

1990 

NCA 

9.84E02 

NCA 

2000 

1  NCA 

9.84E02 

NCA 

20.0 

1980 

NCA 

2.03E03 

NCA 

1985 

NCA 

2 .03EO3 

NCA 

1990 

NCA 

2.03E03 

NCA 

2000 

NCA 

2.03EO3 

NCA 

30.0 

1980 

NCA 

2. 65E03 

NCA 

1985 

NCA 

2.65E03 

NCA 

1990 

NCA 

2.65E03 

NCA 

2000 

NCA 

2. 65E03 

NCA 

60.0 

1980 

NCA 

4.10E03 

NCA 

1985 

NCA 

4.10E03 

NCA 

1990 

NCA 

4. 10EO3 

NCA 

2000 

NCA 

4.10E03 

NCA 

100.0 

1980 

NCA 

5.6IE03 

NCA 

1985 

5.61E03 

5.61E03 

NCA 

1990 

5.61E03 

5.61E03 

NCA 

2000 

5.61E03 

5.61E03 

NCA 

250.0 

1980 

NCA 

9.  74E03 

NCA 

1985 

9. 74E03 

9. 74E03 

NCA 

1990 

9.74E03 

9. 74E03 

8. 78E03 

2000 

9 . 74E03 

9.74E03 

8.78E03 

500.0 

1980 

NCA 

1.51E04 

NCA 

1985 

1.51E04 

1.51E04 

NCA 

1990 

1.5LE04 

1.51E04 

l . 36E04 

2000 

1.51E04 

1 . 5 1 E04 

1 . 36E04 

750.0 

1980 

NCA 

2.01EO4 

NCA 

1985 

2.01E04 

2.01E04 

NCA 

1990 

2.01E04 

2.01E04 

1.81E04 

2000 

2.0IE04 

2.01E04 

1.8IE04 

1000. 0 

1980 

NCA 

2.52E04 

NCA 

1985 

2.52E04 

2.52E04 

NCA 

1990 

2.52E04 

2.52E04 

2.27E04 

2000 

2.52E04 

2.S2E04 

2.27E04 

5000.0 

1980 

NCA 

1.38E05 

NCA 

1985 

1.38E05 

. 38E05 

NCA 

1990 

1 . 38E05 

.  38E05 

I.24E05 

2000 

1 .  38E05 

.  38E06 

1.24E05 
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Fuel  Requirements  and  Capabilities.  Diesels  are  primarily  fueled  with 
DF-1  or  DF-2,  although  some  have  the  capability  for  residual  or  DF-A.  The 
designated  fuel  is  "Diesel.” 

Start-up  Time.  Diesel  "Start-up  Time"  ranges  from  1  to  3  minutes  A 
typical  value  is  2  minutes. 

Shutdown  Time.  Diesel  "Shutdown  Time"  is  2  seconds. 

Reliability.  Diesel  "reliability”  has  an  ordinal  score  of  3  indicating 
average  reliability  because  diesel  systems  contain  numerous  moving  parts, 
operate  at  moderately  high  temperatures,  and  cycle  thermallv. 

Environmental  Constraints.  Diesels  have  an  ordinal  score  of  4  for 
"Environmental  Constraints,"  which  indicates  moderate  potential  environmental 
insult  because  of  toxic  exhaust  emissions,  noise  during  operation,  and 
discharge  of  significant  thermal  energy. 

Location  Constraints.  Diesels  have  an  ordinal  score  of  3  indicating 
average  locational  constraints  because  of  fuel  availability,  delivery,  and 
storage  requirements. 

Operation  Constraints.  Diesels  have  an  ordinal  score  of  4  indicating 
moderate  turn-down  capability  with  moderate  efficiency  penalty.  Ffflclenev 
and  lifetimes  are  adversely  affected  by  changing  loads. 
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Gas  Turbines 

There  are  three  gas  turbine  systems  of  interest  in  this  study:  open- 
cycle  nonrecuperative,  open-cycle  recuperative,  and  closed  cycles 
(Figure  8).  Gas  turbines  produce  shaft  power,  which  is  then  converted  tn  AC 
power  by  an  AC  generator.  Recause  the  closed-cycle  system  uses  a  working 
fluid  rather  than  combustion  products,  it  can  be  operated  on  alternative 
primary  fuels.  Including  residual  oil. 

Technology  Status.  Regenerative  open-cycle  gas  turbine  systems  will  he 
commercially  available  in  capacities  of  lOnn.ft  k w  and  500.0  kW  starting  in 
1985.  They  will  be  commercially  available  in  capacities  greater  or  enuai  to 
100.0  kW  starting  in  1990.  Closed-cycle  gas  turbine  systems  will  be  commer¬ 
cially  available  in  capacities  greater  or  emial  to  1000.0  kW  in  1985.  Mon- 
regenerative  open-cycle  gas  turbines  are  commercially  available  in  capacities 
greater  or  equal  to  500.0  kW.  They  will  be  commercially  available  at  capa~ 
cities  of  100.0  and  250.0  kW  in  1990.  They  will  be  commercially  available  at 
a  capacity  of  60.0  kW  in  2000. 

Development  of  the  closed-cycle  gas  turbine  is  constrained  by  the  need 
for  an  effective  high-teoperature  heat  exchanger. 

Scaling  down  the  turbines  is  a  question  of  the  capability  to  competi¬ 
tively  produce  high  speed  rotating  equipment  that  would  provide  less  flow 
resistance  relative  to  the  larger  turblne/turbocompressor  rotors.  For  small 
machines  the  rotors  would  have  to  be  of  the  radial  (rather  than  axial)  type. 
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Figure  8.  GAS  TURBINE  SYSTEMS 
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Type.  Gas  turbine  systems  are  generally  mobile  at  size  below  750  kW  an rf 
transportable  in  the  megawatt  sizes  (Table  11). 


Table  11.  GAS  TURBINE  SYSTEM  TYPE 
(Mobile,  Transportable) 


System  Acquisition  Cost,  Gas  turbine  “System  Acquisition  Cost"  parameter 
values  are  presented  in  Table  12  and  in  Figure  9  in  1980  dollars  as  a  function 
of  size. 


Table  12.  GAS  TURBINE  SYSTEM  ACQUISITION 
COST  (1980  DOLLARS) 


POWER  OUTPUT 

LEVEL,  KW 

YEAR 

regenerative 

OPEN-CYCLE 

CLOSED 

CYCLE 

NON- REGENERATIVE 
OPEN- CYCLE 

1.5 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

NCA 

5.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

NCA 

20.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

NCA 

30.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

NCA 

60.0 

L980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

4.11 E04 

LOO.O 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

6.36E04 

NCA 

6 . 06EO4 

2000 

6. 36E04 

NCA 

6.06EO4 

350.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

1 . 28E05 

NCA 

1.22E05 

2000 

1.28E05 

NCA 

1.22E05 

500.0 

1980 

NCA 

NCA 

2.06EO5 

1985 

NCA 

NCA 

2.06E05 

1990 

2. 16E05 

NCA 

2.06E05 

2000 

2. 16E05 

NCA 

2.06EO5 

750.0 

1980 

NCA 

NCA 

2.81E05 

1985 

NCA 

NCA 

2.81E05 

1990 

2.95E05 

NCA 

2.81E05 

2000 

2.95E05 

NCA 

2.81E05 

1000. 0 

1980 

NCA 

NCA 

3.50E05 

1985 

3.68E05 

3.85E05 

3.50E05 

1990 

1.68E0S 

3.85E05 

3.50E05 

2000 

3.68E05 

3.85E05 

3.50E05 

5000.0 

1980 

I.26E06 

NCA 

1 . 20E06 

1985 

1.26E06 

1 . 32E06 

1.20E06 

1990 

1.26E06 

1 . 32E06 

1.20E06 

2000 

1 . 26E06 

[ . 32E06 
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Figure  9.  GAS  TURBINE  SYSTEM  ACQUISITION  COST 


Annual  Operations  and  Maintenance  Costs.  Gas  turbine  "Annual  Operations 
and  Maintenance  Costs"  parameter  values  are  presented  In  Table  11  and  in 
Figure  10. 


Table  13.  GAS  TURBINE  ANNUAL  OPERATIONS  AND 
MAINTENANCE  COSTS  (1980  DOLLARS) 


POWER  OUTPUT 

LEVEL,  KW 

X 

< 

Ul 

>• 

REGENERATIVE 

OPEN -CYCLE 

CLOSED 

CYCLE 

NON- REGENERATIVE 
OPEN-CYCLE 

1.5 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

199Q 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

NCA 

5.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

NCA 

20.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

NCA 

30.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

NCA 

60.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

2.05E03 

100.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

3.  18E03 

NCA 

1.0  3E03 

2000 

3. 18E03 

NCA 

3.03E03 

230.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

6.40E03 

NCA 

6.09E03 

2000 

6.40E03 

NCA 

6.09E03 

500.0 

1980 

NCA 

NCA 

1.03E04 

1985 

NCA 

NCA 

1.03E04 

1990 

1.08E04 

NCA 

1 .03E04 

2000 

1.08E04 

NCA 

1.03E04 

750.0 

1980 

NCA 

NCA 

1.41E04 

1985 

NCA 

NCA 

1.41E04 

1990 

1.48E04 

NCA 

1.41E04 

2000 

1.48E04 

NCA 

1.41E04 

1000.0 

1980 

NCA 

NCA 

1.75E04 

1985 

1.85E04 

1.93E04 

1.75E04 

1990 

1.85E04 

1.93E04 

1.75E04 

2000 

1.8SE04 

1.93E04 

1.75E04 

5000.0 

1980 

6.08E04 

NCA 

5.97E04 

1985 

6.08E04 

6.37E04 

5.97E04 

1990 

6.08E04 

6.37E04 

5.97E04 

2000 

6.08E04 

6.37E04 

5.97E04 
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System  Efficiency.  Oas  turbtne  "System  Efficiency"  parameter  values  are 
presented  in  Table  14  and  in  Figure  11.  The  efficiency  of  the  open-cycle, 
regenerative  system  is  greater  than  that  of  the  nonregeneratlve  open-cvcle 
system  because  of  the  use  of  the  turbine  exhaust  gas  for  combustion  air 
preheat.  Closed-cycle  gas  turbines  have  efficiency  values  between  those  of 
the  regenerative  and  nonregeneratlve  open-cycle  gas  turbine  systems. 
Efficiency  values  for  small  regenerative  systems  (1.5  kW  to  5.0  kW)  are  less 
reliable  because  of  greater  data  variation  in  this  size  range. 

Table  14.  CAS  TURBINE  SYSTEM  EFFICIENCY  (%) 


POWER  OUTPUT 
LEVEL,  KW 

YEAR 

Uj 

> 

— <  UJ 
f—  -i 

sy 

Uj  O 

7T  l 

UJ  Z 

o  uj 

as 

CLOSED 

CYCLE 

NON-REGENERA T I V  r 
OPEN-CYCLE 

1.5 

1980 

MCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

NCA 

5.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

NCA 

:o.o 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

NCA 

10.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

NCA 

50.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

20.5 

100.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

42.3 

NCA 

22.5 

2000 

42.3 

NCA 

22.5 

130.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

42.3 

NCA 

25.3 

2000 

42.3 

NCA 

25.3 

500.0 

1980 

NCA 

NCA 

21.1 

1985 

NCA 

NCA 

21.1 

1990 

42.3 

NCA 

27.4 

2000 

42.3 

NCA 

27.4 

750.0 

1980 

NCA 

NCA 

22.1 

1985 

NCA 

NCA 

22.1 

1990 

42.3 

NCA 

27.5 

2000 

42.3 

NCA 

27.5 

1000.0 

1980 

NCA 

NCA 

22.7 

1985 

36.6 

33.3 

22.7 

1990 

42.3 

33.3 

27.2 

2000 

42.3 

41.7 

27.2 

5000.0 

1980 

36.6 

NCA 

25.7 

1985 

36.6 

34.4 

25.7 

1990 

42.3 

34.4 

29.4 

2000 

42.3 

43.2 

29.4 
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Fuel  Consumption.  Gas  turbine  "Fuel  Consumption"  parameter  values  are 
presented  in  Table  15  and  in  Figure  12. 

Table  15.  GAS  TURBINE  FUEL  CONSUMPTION 


Bcu/hr  |  gal/hr  i  w 


Annual  Fuel  Cost.  Gas  turbine  "Annual  Fuel  Cost"  parameter  values  are 
presented  In  Table  16  and  In  Figure  13. 

Table  16.  GAS  TURBINE  ANNUAL  FUEL  COST 
(1980  DOLLARS) 


POWER  OUTPUT 

LEVEL,  KW 

YEAR 

REGENERATIVE 

OPEN-CYCLE 

CLOSED 

CYCLE 

non-regenerath'E 

OPEN-CYCLE 

1.5 

1980 

NLA 

NLA 

NLA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

NCA 

5.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

NCA 

20.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

NCA 

30.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

MCA 

NCA 

60.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

1 . 95E04 

100.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

1.57E04 

NCA 

2.96E04 

2000 

1.57E04 

NCA 

2.96E04 

250.0 

1980 

NCA 

NCA 

NLA 

1985 

NCA 

NCA 

NCA 

1990 

3.93E04 

NCA 

6. 57E04 

2000 

3.93E04 

NCA 

6.57E04 

500.0 

1980 

NCA 

NCA 

8.29E04 

1985 

NCA 

NCA 

1.58E05 

1990 

7.85E04 

NCA 

1.21E05 

2000 

7.85E04 

NCA 

1.2IE05 

750.0 

1980 

NCA 

NCA 

l. 19E05 

1985 

NCA 

NCA 

2.26E05 

1990 

1. 18E05 

NCA 

1.81E05 

2000 

1. 18E05 

NCA 

1.81E05 

1000.0 

1980 

NCA 

NCA 

1.55E05 

1985 

1.82E05 

4.73E05 

2.94E05 

1990 

1.57E05 

4.73E05 

2.45E05 

2000 

1.S7E0S 

3.77E05 

2.45E05 

5000.0 

1980 

4.78E05 

NCA 

6.81E05 

1985 

9.98E0S 

2.29E06 

1 . 29E06 

1990 

7.85E05 

2.29E06 

1.13E06 

7.85E05 

l . 83E06 

1 . 1 3E06 
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Figure  13.  GAS  TURBINE  ANNUAL  FUEL  COST 
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Life-Cycle  Cost.  Cas  turbine  "Life-Cycle  Cost"  parameter  values  are 
presented  In  Table  17  and  in  Figure  14. 

Table  17.  GAS  TURBINE  LIFE-CYCLE  COST  (1980  cents/kW) 


NLA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

2.  37 

NCA 

NCA 

NCA 

NCA 

NCA 

2.13 

NCA 

2.13 

NCA 

NCA 

NCA 

NCA 

NCA 

1.8b 

NCA 

1.86 

NCA 

1.27 

NCA 

2.08 

NCA 

l.b8 

NCA 

1.68 

NCA 

1.20 

NCA 

1.97 

NCA 

1.64 

NCA 

1.64 

NCA 

1.15 

2.90 

1.90 

2.90 

1.64 

2.18 

1.64 

NCA 

0.95 

2.71 

1.61 

2.71 

1.44 

2.21 

1.44 

REGENERATIVE  OPEN-CYCLE 
CLOSED  CYCLE 

NON-REGENERATIVE  OPEN-CYCLE 
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Figure  14.  GAS  TURBINE  LIFE-CYCLE  COST 
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System  Volume.  Gas  turbine  "System  Volume"  parameter  values  are 
presented  In  Table  18. 


Table  18.  GAS  TURBINE  SYSTEM  VOLUME  (CUBIC  FEET) 


1  POWER  OUTPUT 

I  LEVEL,  KU 

year 

Ui 

> 

•“<  Ui 

H  -4 

5  y 

UI  o 

Tt  1 

UJ 

O  UJ 

as 

CLOSED 

CYCLE 

NON-RECENERATIVE 

OPEN-CYCLE 

1.5 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

NCA 

5.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

NCA 

20.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

NCA 

30.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

NCA 

60.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

3.58E01 

100.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

4.86E01 

NCA 

4.5EOI 

2000 

4.86E01 

NCA 

4.5E01 

230.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

1.12E02 

NCA 

8.45E01 

2000 

1.12E02 

NCA 

8.45E01 

500.0 

1980 

NCA 

NCA 

1. 14E02 

1985 

NCA 

NCA 

1. 14E02 

1990 

1.30E02 

NCA 

1. 14E02 

2000 

1 . 30E02 

NCA 

1. 14E02 

750.0 

1980 

NCA  | 

NCA 

1.42E02 

1985 

NCA 

NCA 

l . 42E02 

1990 

1 . 65E02 

NCA 

1.42E02 

2000 

1.65E02 

NCA 

1.42E02 

1000. 0 

1980 

NCA 

NCA 

1.46E02 

1985 

1.72E02 

1  .89E01 

1.46E02 

1990 

1.72E02 

1.89E02 

1.46E02 

2000 

1.72E02 

1.89E02 

1.46E02 

5000.0 

1980 

2.08E02 

NCA 

1.73E02 

1985 

2.08E02 

2.29E02 

1.73E02 

1990 

2.08E02 

2.29E02 

1.73E02 

mmJL 

2000 

2.08E02 

2.29E02 

I.73E02 
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System  Weight.  Gas  turbine  "System  Weight"  parameter  values  are 
presented  In  Table  19. 

Table  19.  GAS  TURBINE  SYSTEM  WEIGHT  (POUNDS) 


POWER  OUTPUT 

LEVEL,  KW 

year 

recenerative 

OPEN-CYCLE 

CLOSED 

CYCLE 

NON- REGENERATIVE 
OPEN-CYCLE 

1.5 

1980 

[  NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

NCA 

5.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

NCA 

20.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

NCA 

30.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

NCA 

60.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

NCA 

NCA 

173 

100.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

318 

NCA 

289 

2000 

318 

NCA 

289 

230.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

795 

NCA 

723 

2000 

795 

NCA 

723 

500.0 

1980 

NCA 

NCA 

1.45E03 

1985 

NCA 

NCA 

1.45E03 

1990 

1600 

NCA 

1.45E03 

2000 

1600 

NCA 

1.45E03 

750.0 

1980 

NCA 

NCA 

2. 17E03 

1985 

NCA 

NCA 

2. 17E03 

1990 

2390 

NCA 

2. 17E03 

2000 

2390 

NCA 

2.17E03 

1000.0 

1980 

NCA 

NCA 

2.89E03 

1985 

3180 

3.61E03 

2.89E03 

1990 

3180 

3.61E03 

2.89E03 

2000 

3180 

3.61E03 

2.89E03 

5000.0 

1980 

1 .60EO4 

NCA 

1.45E04 

1985 

1.60E04 

1.81E04 

1.45E04 

1990 

1.60E04 

1.81E04 

1 .45E04 

2000 

1 . 60E04 

1.81E04 

1.45E04 

47 


Fuel  Requirements  and  Capabilities.  Regenerative  open-cycle  gas  turbines 
use  natural  gas  as  their  designated  fuel.  To  the  extent  that  they  may  use 
liquid  and  gaseous  fuels,  the  regenerative  open-cycle  gas  turbine  has  multi¬ 
fuel  capability.  Nonregenerative  open-cycle  gas  turbines  use  natural  gas  as 
their  designated  fuel.  To  the  extent  that  they  may  use  liquid  and  gaseous 
fuels,  the  nonregenerative  open-cycle  gas  turbine  has  multi-fuel  capability. 
Roth  regenerative  'bnd  nonregenerative  open-cycle  gas  turbines  have  stringent 
fuel  purity  requirements.  Closed-cycle  gas  turbines  use  residual  fuel  oil  as 
their  designated  fuel;  they  have  multi-fuel  capability,  including  solid  fuels. 

Start-up  Time.  Gas  turbine  start-up  time  is  1  minute. 

Shutdown  Time.  Gas  turbine  shutdown  time  is  2  minutes. 

Reliability.  Gas  turbine  "reliability”  has  an  ordinal  score  of  3  indi¬ 
cating  average  reliability.  Gas  turbines  have  comparable  reliability  to 
diesels  because  they  too  have  numerous  moving  parts  and  cycle  thermally. 

Environmental  Constraints.  Gas  turbines  have  an  ordinal  score  of  4  for 
“Environmental  Constraints”  indicating  moderate  potential  environmental 
insult.  Gas  turbines  have  environmental  constraints  comparable  to  diesels. 
Major  insults  are  NOx  emissions  in  exhaust  and  noise  from  expanding  hot  gases. 

Location  Constraints.  Gas  turbines  have  an  ordinal  score  of  3  indicating 
average  locational  constraints.  Gas  turbines  have  location  constraints  compar¬ 
able  to  diesels  because  of  similar  fuel  availability,  delivery,  and  storage 
requirements. 

Operation  Constraints.  Gas  turbines  have  an  ordinal  score  of  4 
indicating  moderate  turn-down  capability  with  moderate  efficiency  penalty. 

Gas  turbines  have  operation  constraints  comparable  to  diesels.  Gas  turbine 
efficiency  is  lower  at  part  loads,  and  emissions  are  increased. 
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Stirlings 

There  are  two  types  of  Stirling  engines  of  Interest  in  this  study:  the 
free-piston  and  the  kinematic.  The  differences  in  the  two  technologies  do  not 
affect  the  system  configuration  (Figure  15).  The  primary  difference  hetween 
the  free-piston  Stirling  and  the  kinematic  Stirling  is  that  the  stroke  of  the 
pistons  in  the  kinematic  design  is  controlled  through  a  mechanical  linkage 
whereas  the  stroke  in  the  free-piston  is  controlled  by  the  working  fluid  in 
the  cylinder.  Stirlings  produce  shaft  power,  which  is  then  converted  to  AC 
power  by  an  AC  generator. 

Technology  Status.  Free-piston  Stirlings  are  expected  to  he  commercially 
available  at  capacities  of  1.5  and  5.0  kW  in  1S90.  They  are  expected  to  he 
commercially  available  at  a  capacity  of  20.0  kW  in  2000.  Kinematic  Stirlings 
are  expected  to  be  commercially  available  up  to  500.0  kW  in  1990  and  commer¬ 
cially  available  at  capacities  of  750.0  and  1000.0  kW  in  2000. 

The  primary  factors  delaying  the  commercialization  of  either  the  kine¬ 
matic  or  free-piston  Stirling  for  the  stationary  engine  market  are  development 
of  an  efficient  and  cost-effective  burner/heater  head  combination  and  develop¬ 
ment  of  effective  and  reliable  piston  (displacer)  rod  seals  to  prevent  oil 
penetration  to  hot  areas  and  to  minimize  working  fluid  (He  or  H2)  losses. 
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igure  15.  STIRLING  SYSTEMS 


Type.  Stirling  system  “Type"  parameter  values  are  presented  In  Table 
20.  Stirling  systems  below  250  kW  are  mobile. 


Table  20.  STIRLING  SYSTEM  TYPE  (Mobile,  Transportable) 
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a  2 
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U.  Q- 
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1980 

NCA 

NCA 

1985 

MCA 

NCA 

1990 

M 

M 

2000 

M 

H 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

M 

N 

2000 

N 

M 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

M 

2000 

M 

M 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

M 

2000 

NCA 

M 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

M 

2000 

NCA 

M 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

M 

2000 

NCA 

M 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

T 

2000 

NCA 

M 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

T 

2000 

NCA 

M 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

NCA 

2000 
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T 

1980 

NCA 
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1985 

NCA 

NCA 

1990 
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NCA 

System  Acquisition  Cost.  Stirling  “System  Acquisition  Cost"  parameter 
values  are  presented  in  Table  21  and  in  Figure  16.  There  is  no  dif ferentation 
in  free-piston  and  kinematic  Stirling  system  costs  becase  technology  develop¬ 
ment  is  too  preliminary  to  identify  significant  cost  differences.  For  both 
engine  types  the  costs  of  generators,  combustor/heat  exchanges,  and 
regenerators  are  expected  to  be  about  the  same.  The  main  difference  is  the 
mechanical  linkage  of  the  kinematic  Stirling  versus  the  free-piston's  lack  of 
a  mechanical  linkage. 

Table  2  1.  STIRLING  SYSTEM  ACQUISITION  COST 
(1980  DOLLARS) 


POWER  OUTPUT 
LEVEL,  KU 

YEAR 

FREE 

PISTON 

KINEMATIC 

1.5 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

1.35E03 

1. J5E03 

2000 

1.35E03 

l .  35EO 1 

'.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

4.50E0) 

4.50E03 

2000 

4 . 50 EO ) 

4. 50E03 

20.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

1 . 20E04 

2000 

1 . 20E04 

1 . 20E04 

30.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

1.65E04 

2000 

NCA 

1.65E04 

60. 0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

3.00E04 

2000 

NCA 

3.00EO4 

100. 0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

5.00E04 

2000 

NCA 

5 . 00EO4 

230.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

1.25E05 

2000 

NCA 

1.25E05 

500.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

2.21E05 

2000 

NCA 

2. 21  EOS 

750.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

NCA 

2000 

NCA 

3. 31  EOS 

1000.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

NCA 

2000 

NCA 

4.41E05 

5000.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

NCA 

^000 

NCA 

NCA 

52 


r 


( 


Annual  Operations  and  Maintenance  Costs.  Stirling  "Annual  Operations  and 
Maintenance  Costs"  parameter  values  are  presented  in  Table  22  and  in 
Figure  17. 


Table  22.  STIRLING  ANNUAL  OPERATIONS  AND 
MAINTENANCE  COSTS  (1980  DOLLARS) 


POWER  OUTPUT 

LEVEL,  KU 

YEAR 

FREE 

PISTON 

KINEMATIC 

1.5 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

6. 75E01 

6.7SE01 

2000 

6.7SE01 

6.7SE01 

5.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

2.25E02 

2.2SE02 

2000 

2.25E02 

2.25E02 

20.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

6.00EO2 

2000 

6.00EC2 

6.00E02 

30.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

8.25E02 

2000 

NCA 

8.25E02 

60.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

l . 50E03 

2000 

NCA 

1.50EO3 

100.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

2.50E03 

2000 

NCA 

2.  50E0  3 

230.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

6.25E03 

2000 

NCA 

6.25E03 

500.0 

1980 

NCA 

NCA 

198S 

NCA 

NCA 

1990 

NCA 

1 .  1 1 E04 

2000 

NCA 

1.11E04 

750.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

NCA 

20C0 

NCA 

1 . 66E04 

1000. 0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

NCA 

2000 

NCA 

2.21E04 

5000.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

NCA 

2000 

NCA 

NCA 
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Figure  17.  STIRLING  ANNUAL  OPERATIONS 
AND  MAINTENANCE  COST 
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System  Efficiency.  Stirling  “System  Efficiency"  parameter  values  are 
presented  in  Table  23  and  Figure  l«.  There  is  no  differentiation  in  the 
efficiency  of  Stirling  systems  with  size  and  time  for  several  reasons.  Tech¬ 
nology  development  is  too  preliminary  to  identify  significant  efficiency  dif¬ 
ferences.  Efficiency  differences  are  driven  primarily  by  friction  in  hearings 
and  heat  transfer  to  the  working  fluid.  Small  systems  have  relatively  high 
frictional  losses  and  also  have  losses  from  clearances  around  power  and 
displace  pistons;  however,  favorable  surface-to-volume  relationships  permit 
effective  heat  transfer  and  therefore  high  efficiency.  Larger  systems  have 
relatively  low  frictional  losses  and  low  losses  from  clearances  around  power 
and  displacer  pistons;  however,  unfavorable  surface-to-volume  ratios  do  not 
permit  effective  heat  transfer,  thus  limiting  efficiency.  Frictional  losses 
and  heat  transfer  limitations  tend  to  cancel  each  other  out  as  systems  grow  in 
size,  resulting  in  approximately  constant  efficiencies  versus  size. 


Table  23.  STIRLING  SYSTEM  EFFICIENCY  (Z) 
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*  -J 
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tag  W> 

I*.  a. 

I 

2 

M 

z 
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1.5 

lino 

NCA 

NCA 

1915 

NCA 

NCA 

1990 

JO.  5 

J5.0 

2000 

36. 5 

J5.0 

5.0 

1990 

NCA 

NCA 

1995 

NCA 

NCA 

1990 

30.5 

35.0 

2000 

30  .  5 

35.0 

20.0 

1990 

NCA 

NCA 

1995 

NCA 

NCA 

1990 

NCA 

35.0 

2000 

30.5 

35.0 

30. 0 

1990 

NCA 

NCA 

1995 

NCA 

NCA 

1990 

NCA 

35.0 

2000 

NCA 

35.0 

60.0 

1990 

NCA 

NCA 

1995 

NCA 

NCA 

1990 

NCA 

35.0 

2000 

NCA 

35.0 

100. 0 

1990 

NCA 

NCA 

1993 

NCA 

NCA 

1990 

NCA 

35.0 

2000 

NCA 

35.0 

250.0 

1990 

NCA 

NCA 

1993 

NCA 

NCA 

KM 

NCA 

35.0 

2000 

NCA 

33.0 

500.0 

1900 

NCA 

NCA 

1995 

NCA 

NCA 

1990 

NCA 

53.0 

2000 

NCA 

35.0 

730.0 

1900 

NCA 

NCA 

1903 

NCA 

NCA 

1990 

NCA 

NCA 

2000 

NCA 

33.0 

1000.0 

1900 

NCA 

NCA 

1905 

NCA 

NCA 

1990 

NCA 

NCA 

2000 

NCA 

35.0 

5000.0 

1900 

NCA 

NCA 

1903 

NCA 

NCA 

1990 

NCA 

NCA 

m  * 
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Fuel  Consumption.  Stirling  "Fuel  Consumption"  parameter  values  are 
presented  in  Table  24  and  in  Figure  19. 

Table  24.  STIRLING  FUEL  CONSUMPTION 

-  gal/hr  - 


FREE 

PISTON 

KINEMATIC 

NCA 

NCA 

MCA 

NCA 

o.to 

0.10 

0.10 

0.10 

MCA 

NCA 

NCA 

NCA 

0.33 

0.34 

0.33 

0.34 

NCA 

NCA 

NCA 

NCA 

NCA 

1.38 

1.32 

1.38 

NCA 

NCA 

NCA 

NCA 

NCA 

2.07 

NCA 

2.07 

NCA 

NCA 

NCA 

NCA 

NCA 

4.13 

NCA 

4.13 

NCA 

NCA 

NCA 

NCA 

NCA 

6.89 

NCA 

6.89 

NCA 

NCA 

NCA 

NCA 

NCA 

17.3 

NCA 

17.3 

NCA 

NCA 

NCA 

NCA 

NCA 

34.4 

NCA 

34.4 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

49.2 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

65.5 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

Annual  Fuel  Cost»  Stirling  '‘Annual  Fuel  Coat”  parameter  values  (based  on 
I9«0  dollars  and  no  real  escalation)  are  In  Table  25  and  in  Figure  20. 

Table  25.  STIRLING  ANNUAL  FUEL  COST  (1980  DOLLARS) 


15000.0 


NCA 

NCA 

9.  57E02 

9.  5  7E02 
NCA 
NCA 

3.  16E03 

3.16E03 

NCA 

NCA 

NCA 

1.27E04 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 

NCA 


NCA 

NCA 

9.91E02 

9.91E02 

NCA 

NCA 

3. 31E05 
3.31E03 
NCA 
NCA 

1 . 33E04 
1.33E04 
NCA 
NCA 

t .  99F.04 
i . 99K04 
NCA 
NCA 

3.97K04 

3.97E04 

NCA 

NCA 

b.ftlF.04 
6. ft  3K04 

NCA 

NCA 

1  .hhB)5 
l.fthtlT) 
NCA 
NCA 

3.31  C05 
3. 31E05 

NCA 

NCA 

NCA 

3.  37F05 

NCA 

NCA 

NCA 

4.50E05 

NCA 

NCA 

NCA 

NCA 
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Figure  20.  STIRLING  ANNUAL  FUEL  COST 
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FREE  PISTON 
KINEMATIC 


Figure  21.  STIRLING  LIFE-CTCLE  COST 
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System  Volume.  Stirling  "System  Volume"  parameter  values  are  presented 
in  Table  27.  There  is  no  differentiation  in  the  volume  of  Stirling  systems 
because  the  regenerator  determines  the  dimensions  of  the  system  envelope. 


Table  27.  STIRLING  SYSTEM  VOLUME  (CUBIC  FEET) 


POWER  OUTPUT 

LEVEL,  KU 

YEAR 

FREE 

PISTON 

KINEMATIC 

1.5 

1980 

NCA 

NCA 

1985 

MCA 

NCA 

1990 

7.05 

7.05 

2000 

7.05 

7.05 

5.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

1.71E01 

1.71E01 

2000 

1.71E01 

1.7IE01 

20.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

4.42E01 

2000 

4.42E01 

4.42E01 

30.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

5.76E01 

2000 

NCA 

5.76E01 

60.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

8.92E01 

2000 

NCA 

8.92E0I 

li)0 . 0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

1.22E02 

2000 

NCA 

I.22E02 

250.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

2.  10E02 

2000 

NCA 

2. 10E02 

500.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

3.22E02 

2000 

NCA 

3.22E02 

750.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

NCA 

2000 

NCA 

4.26E02 

1000.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

NCA 

2000 

NCA 

5.29E02 

5000.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

NCA 

^00j^ 

NCA 

NCA 
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System  Weight.  Stirling  "System  Weight"  parameter  values  are  presented 
in  Table  28.  Free-plston  Stirlings  systems  are  much  lighter  than  kinematic 
Stirling  systems  because  of  mechanical  simplicity. 

Table  28.  STIRLING  SYSTEM  WEIGHT  (POUNDS) 


r-  3 
rs  x 

O 

i r 

z 

o 

LJ 

H 

t 

Ul  U2 

X. 

U  H 

Ul 

3  > 

Q  Ui 

< 

M 

2  £ 

Z 

a. 

>- 

u.  a. 

1.5 

NCA 

NCA 

1985 

MCA 

NCA 

1990 

1.08E02 

2.15E02 

2000 

1 . 08E02 

2.  15E02 

5.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

2.96E02 

5.92E02 

2000 

2 . 96E02 

5 . 92E02 

20.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

1 . 49E03 

2000 

7.4SEQ2 

1.49E01 

30.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

2.07E03 

2000 

NCA 

2.07E03 

60.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

3.59E03 

2000 

NCA 

3.59E03 

100.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

5.42E03 

2000 

NCA 

5.42E03 

250.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

1.14E04 

2000 

NCA 

1.  14E04 

500.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

2.03E04 

2000 

NCA 

2.03E04 

750.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

NCA 

2000 

NCA 

2.87E04 

1000.0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

NCA 

2000 

NCA 

3.69E04 

5000 . 0 

1980 

NCA 

NCA 

1985 

NCA 

NCA 

1990 

NCA 

NCA 

2000 

NCA 

NCA 
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Fuel  Requirements  and  Capabilities.  The  designated  fuel  for  Stirling 
systems  is  diesel.  Because  they  are  external  combustion  systems,  Stirlings 
have  multi-fuel  capabilities.  However,  the  capability  to  utilize  gaseous, 
liquid,  and  solid  fuels  of  course  depends  on  the  availability  of  an  appro¬ 
priate  combustor.  To  date,  limited  work  has  been  done  on  development  of 
either  gaseous  or  solid  fuel  combustors  for  Stirling  engines. 

Start-up  Time.  Stirling  "Start-up  Time"  is  15  seconds. 

Shutdown  Time.  Stirling  “Shutdown  Time"  is  5  seconds. 

Eeliahi litv.  Stirling  "Reliability"  has  an  ordinal  score  of  4  indicating 
moderate  reliability.  Stirlings  are  more  reliable  than  diesels  hecause  of 
fewer  moving  parts. 

Environmental  Constraints.  Stirlings  have  an  ordinal  score  of  5  for 
"Environmental  Constraints,"  Indicating  minimum  potential  environmental  ! 

insults.  Stirlings  have  less  environmental  constraints  than  diesels  because  j 

f 

of  lower  levels  of  air  emissions.  i 

j 

Location  Constraints.  Stirlings  have  an  ordinal  score  of  4  indicating 
moderate  location  constraints.  Stirlings  have  less  location  constraints  than 
diesels  because  of  potentially  better  fuel  availability  due  to  multifuel 
capability  and  less  operational  noise. 

Operation  Constraints.  Stirlings  have  an  ordinal  score  of  5  indicating 
excellent  turn-down  capability  with  minor  efficiency  penaltv  relative  to 
diesels. 
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Organic  Ranklne  Cycle 


The  Organic  Ranklne  Cycle  (ORC)  Is  a  modification  of  the  widely  used 
steam  cycle.  However,  whereas  the  conventional  steam  ranklne  cycle  uses  water 
as  a  working  fluid,  the  organic  ranklne  cycle  uses  an  organic  chemical  as  a 
working  fluid.  For  operating  temperatures  less  than  750°F,  organic  fluids 
with  high  molecular  weight  provide  high  cycle  efficiency  with  less  complex  and 
costly  expanders  than  are  required  when  water  Is  used  as  the  working  fluid. 

The  ORC  configuration  Is  shown  in  Figure  22.  ORC's  produce  shaft  power,  which 
Is  then  converted  to  AC  power  hy  an  AC  generator. 

Technology  Status.  ORC's  are  commercially  available  In  all  capacities. 


EXHAUST 


A820I0I6O 


Figure  2.2.  ORGANIC  RANKINE  CYCLE  SYSTEMS 
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Type.  Organic  Rankine  Cycle  system  "Type"  parameter  values  are  presented 
in  Table  29.  At  capacities  less  than  250  kW,  ORC's  are  mobile. 

System  Acquisition  Cost.  Organic  Rankine  Cycle  "System  Acquisition  Cost" 
parameter  values  are  presented  in  Table  30  and  in  Figure  23. 


Table  29.  ORC  SYSTEM  TYPE 
(Mobile,  Transportable,  Fixed) 


POWER  OUTPUT 
LEVEL.  KW 

YEAR 

1.5 

1980 

M 

1985 

H 

1990 

N 

2000 

M 

5.0 

1980 

M 

1985 

H 

1990 

M 

2000 

N 

20.0 

1980 

M 

1985 

M 

1990 

M 

2000 

M 

30.0 

1980 

M 

1985 

M 

1990 

M 

2000 

M 

60.0 

1980 

M 

1985 

M 

1990 

M 

2000 

M 

100.0 

1980 

M 

1985 

M 

1990 

M 

2000 

M 

230.0 

1980 

T 

1985 

T 

1990 

M 

2000 

M 

500.0 

1980 

T 

1985 

T 

1990 

T 

2000 

M 

750.0 

1980 

T 

1985 

T 

1990 

T 

2000 

T 

1000. 0 

1980 

T 

1985 

T 

1990 

T 

2000 

T 

5000.0 

1980 

F 

1985 

T 

1990 

T 

2000 

T 

Table  30.  ORC  SYSTEM  ACQUISITION 
COST  (1980  dollars) 


POWER  OUTPUT 
LEVEL,  KW 

YEAR 

1.5 

1980 

1 . 76E03 

1985 

1 . 76E03 

1990 

1.76E03 

2000 

1 . 76E03 

5.0 

1980 

4.40E03 

1985 

A. 4060 3 

1990 

A.A0E03 

2000 

A.A0E03 

20.0 

1980 

1.27EOA 

1985 

1.27EOA 

1990 

1.27E04 

2000 

1.27E04 

10.0 

1980 

1 . 7AE0A 

1985 

1.7AEOA 

1990 

1.7AEOA 

2000 

1 . 74E04 

60.0 

1980 

3.03EOA 

1985 

3.03E04 

1990 

3.03E04 

2000 

3.03EO4 

100. 0 

1980 

4.65E04 

1983 

4.65E04 

1990 

4.65E04 

2000 

4.6SE04 

350.0 

1980 

1 .07E05 

1985 

1.07E05 

1990 

1.07E05 

2000 

1.07E05 

500.0 

1980 

2.13E05 

1985 

2. 13E05 

1990 

2.13E05 

2000 

2. 13E05 

750.0 

1980 

3.27E05 

1985 

3.27E05 

1990 

3.27E05 

2000 

3.27E05 

1000. 0 

1980 

4.49E05 

1985 

4.49E05 

1990 

4.49E05 

2000 

4.49E05 

5000.0 

1980 

2.97E06 

1985 

2.97E06 

1990 

2.97E06 

2000 

2.97E06 
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1980 

DOLLARS 
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1,000,000 


100,000 


10,000 


1980 

DOLLARS 


1,000 


100 


10 


100 

kW 


1,000 


Figure  24.  ORC  ANNUAL  OPERATIONS 
AND  MAINTENANCE  COSTS 


System  Efficiency*  ORC  "System  Efficiency"  parameter  values  are 
presented  In  Table  32  and  In  Figure  25.  Efficiency  value  of  the  1.5  kW  size 
should  be  used  with  caution  because  it  is  of  the  same  magnitude  as  the 
standard  deviation. 

Table  32.  ORGANIC  RANKINE  CYCLE  SYSTEM  EFFICIENCY  (%) 


POWER  OUTPUT 

LEVEL,  KW 

year 

1.5 

1980 

1.46 

1985 

1.58 

1990 

1.69 

2000 

1.69 

5.0 

1980 

5.79 

1985 

6.25 

1990 

6.69 

2000 

6.69 

20.0 

1980 

10.78 

1985 

11.75 

1990 

12.58 

2000 

12.58 

30.0 

1980 

12.24 

1985 

13.34 

1990 

14.27 

2000 

14.27 

60.0 

1980 

14.73 

1985 

16.20 

1990 

17.17 

2000 

17.17 

100.0 

1980 

1.66K0I 

1985 

1.83E0I 

1990 

I.94E01 

2000 

1 .94E01 

>50.0 

1980 

1.99E01 

1985 

2. 18E01 

1990 

2. 31E01 

2000 

2. 31E01 

500.0 

1980 

2.24E01 

1985 

2.49E01 

1990 

2.64E01 

2000 

2.64E01 

750.0 

1980 

2.38E01 

1985 

2.67E01 

1990 

2.83E01 

2000 

2.83E01 

1000.0 

1980 

2.49E01 

1985 

2.79E01 

1990 

2.93E01 

2000 

2.93E01 

5000.0 

1980 

3.06E01 

1985 

3.46E01 

1990 

3.63E01 

___ 

2000 

72 


Figure  25.  ORC  SYSTEM  EFFICIENCY 
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fuel  Consumption.  ORC  "Fuel  Consumption"  parameter  values  are  presented 
In  Table  33  and  In  Figure  26. 

Table  33.  ORGANIC  RANKINE  CYCLE  FUEL  CONSUMPTION 


I  **l/hr 


1.5  1980 

1985 
1990 
2000 
5.0  1980 

1985 
1990 
2000 

20.0  1980 

1985 
1990 
2000 

30.0  1980 

1985 
1990 
2000 

60.0  1980 

1985 
1990 
2000 

1J0.0  1980 

1985 
1990 
2000 

250.0  1980 

1985 
1990 
2000 

500.0  1980 

1985 
1990 
2000 

750.0  1980 

1985 
1990 
2000 

1000.0  1980 

1985 
1990 
2000 

5000.0  1980 

1985 
1990 


Annual  Fuel  Coat.  ORC  "Annual  Fuel  Cost"  parameter  values  are  presented 
In  Table  34  and  in  Figure  27. 


Table  34.  ORGANIC  RANKINE  CYCLE  ANNUAL 
FUEL  COST  (1980  DOLLARS) 


POWER  OUTPUT 

LEVEL,  KW 

X 

< 

UJ 

>• 

1.5 

TJao" 

2.32E04 

1985 

2 . 20EO4 

1990 

2.06EO4 

2000 

2.06EO4 

5.0 

1980 

1.9SE04 

1985 

1.85E04 

1990 

1.73E04 

2000 

1.71E04 

20.0 

1980 

4.19E04 

1985 

3.9SE04 

1990 

3.69E04 

2000 

3.69E04 

30.0 

1980 

5.54E04 

1985 

5.22E04 

1990 

4.88E04 

2000 

4.88E04 

60.0 

1980 

9.24E04 

1985 

8.59E04 

1990 

8. 10E04 

2000 

8.10E04 

100.0 

1980 

1 . 36 EOS 

1985 

1.27E05 

1990 

i . 20E05 

2000 

1.20E05 

230.0 

1980 

2.84E05 

1985 

2.66E05 

1990 

1 

2. 51 £05 

2000 

2.51E05 

500.0 

1980 

5.05E05 

1985 

4.65E05 

1990 

4.40E05 

2000 

4.40E05 

750.0 

1980 

4.92E05 

1985 

4.42E05 

1990 

4. 17E05 

2000 

4. 17 EOS 

1000.0 

1980 

6.26E05 

1985 

5.64E05 

199U 

5.37E05 

2000 

5.37E05 

5000.0 

1980 

2.55E06 

1985 

2.28E06 

1990 

2.17E06 

2.  1  7E06 
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Figure  27.  ORC  ANNUAL  FUEL  COST 


Life-Cycle  Cost.  ORC  “Life-Cycle  Cost”  parameter  values  (based  no  1980 
dollars  and  no  real  escalation)  are  presented  in  Table  35  and  in  Figure  28. 
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System  Volume.  ORC  "System  Volume"  parameter  values  are  presented  in 
Table  36.  ORC's  are  large-volume  systems  because  of  heat  exchanger  size. 

Table  36.  ORGANIC  RANKINE  CYCLE  SYSTEM  VOLUME  (CUBIC  FEET) 


1 


System  Weight.  ORC  "System  Weight"  parameter  values  are  presented  in 
Table  37. 

Table  37.  ORGANIC  RANKINE  CYCLE  SYSTEM  WEIGHT  (POUNDS) 


i 

i 

I 

i 

i 


POWER  OUTPUT 
LEVEL,  KU 

YEAR 

1.5 

1980 

3300 

1985 

3300 

1990 

3300 

2000 

3300 

5.0 

1980 

5720 

1985 

5720 

1990 

5720 

2000 

5720 

20.0 

1980 

4200 

1985 

4200 

1990 

4200 

2000 

4200 

30.0 

1980 

5400 

1985 

5400 

1990 

5400 

2000 

5400 

60.0 

1980 

12E03 

1985 

12E03 

1990 

12E03 

2000 

12E03 

100.0 

1980 

44E03 

1985 

44E03 

1990 

44E03 

2000 

44E03 

230.0 

1980 

44E03 

1985 

44E03 

1990 

44L03 

2000 

44E03 

500.0 

1980 

60. 5 £03 

1935 

60.5E03 

1990 

60. 5E03 

2000 

60.5E03 

750.0 

1980 

77E03 

1985 

77E03 

1990 

7  7E03 

2000 

77E03 

1000.0 

1980 

132E03 

1985 

132E03 

1990 

132E03 

2000 

132E03 

5000.0 

1980 

500E03 

1985 

500E03 

1990 

500E03 

2000 

500E03 

! 
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Fuel  Requirements  and  Capabilities.  ORC  systems  have  multi-fuel 
capabilities.  For  system  capacities  less  than  750.0  kW  the  designated  fuel  is 
"Diesel."  For  system  capacities  greater  or  equal  to  750.0  kW  the  designated 
fuel  is  "Resid."  Recause  ORC's  are  external  combustion  systems,  they  mav  also 
use  fuel  sources  such  as  solar  thermal  or  waste  heat.  The  cost  and  efficiency 
of  the  ORC  system  can  vary  greatly  depending  on  the  heat  source  (which  affects 
the  heat  exchanger  requirements)  and  the  quality  and  quantity  of  the  heat 
(which  affects  the  operating  temperature  of  the  cycle).  To  the  extent  that 
thermal  energy  Is  available  at  less  than  the  cost  of  the  designated  fuel  for 
specific  ORC  applications,  the  life-cycle  costs  could  he  lower  than  those 
estimated  in  this  study.  The  trade-off  becomes  one  of  capital  cost  versus 
fuel  cost. 

Start-up  Time.  ORC  ”Start-up  Time"  is  30  minutes. 

Shutdown  Time.  ORC  "Shutdown  Time"  is  30  minutes. 

Reliability.  ORC  "Reliability"  has  an  ordinal  score  of  2  indicating 
moderate  potential  unreliability.  ORC's  are  somewhat  less  reliable  than 
diesels  because  of  numerous  moving  parts  and  temperature  swings  in  the  heat 
recovery  system  (thermal  cycling). 

Environmental  Constraints.  ORC  have  an  ordinal  score  of  4  for 
"Environmental  Constraints"  indicating  moderate  potential  environmental 
insults.  This  Is  comparable  to  diesels. 

Location  Constraints.  ORC's  have  an  ordinal  score  of  5  indicating 
minimum  locational  constraints.  ORC's  have  significantly  less  locational 
constraints  than  diesels  because  of  potentially  better  fuel  availability  and 
lesser  manning  requirements. 

Operation  Constraints.  ORC's  have  an  ordinal  score  of  2  Indicating  poor 
turn-down  capability  with  large  efficiency  penalty.  Diesels  have  better 
operational  constraints.  ORC's  have  reduced  efficiencies  at  part  load,  and 
back-up  heat  sinks  are  required  for  heat  recovery. 
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Fuel  Cells 


There  are  Chree  types  of  fuel  cells  of  interest  in  this  study:  the  solid 
polymer  electrolyte  (SPE)  fuel  cell,  the  phosphoric  acid  fuel  cell,  and  the 
molten  carbonate  fuel  cell.  The  conceptual  system  configuration  in  Figure  29 
is  not  affected  by  type  of  fuel  cell.  The  conceptual  configuration  includes  a 
fuel  processor  (such  as  a  methanol  reformer,  or  a  JP-4  reformer)  to  convert  a 
hydrocarbon  fuel  to  a  hydrogen-rich  gas.  The  hydrogen  and  oxygen  (from  the 
air  input)  react  electrochemically  to  produce  DC  power  and  waste  heat.  The  DC 
power  is  transformed  to  AC  with  a  power  conditioner  (inverter). 

Technology  Status.  Phosphoric  acid  fuel  cells  are  expected  to  be 
commercially  available  in  the  capacity  range  of  1.5  to  100. 0  kW  starting  in 
1985.  They  are  expected  to  be  commercially  available  in  the  capacity  range  of 

250.0  to  5000.0  kW  starting  in  1990.  Molten  carbonate  fuel  cells  are  expected 

to  be  commercially  available  at  capacities  of  250.0  and  500.0  kW  starting  in 
1990.  They  are  expected  to  be  commercially  available  in  the  capacity  range  of 

750.0  to  5000.0  kW  starting  in  2000.,  Solid  polymer  electrolyte  fuel  cells  are 

expected  to  be  commercially  available  in  the  capacity  range  of  1.5  to  30.0  kW 
starting  in  2000.  The  primary  factor  delaying  earlier  implementation  of 
advanced  fuel  cell  technology  is  that  the  limited  available  R&D  funds  are 
being  used  to  support  the  phosphoric  acid  fuel  cell  commercialization. 
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System  Acquisition  Cost.  Fuel  cell  "System  Acquisition  Cost" 
values  are  presented  in  Table  39  and  in  Figure  30. 


parameter 


Table  39.  FUEL  CELL  SYSTEM  ACQUISITION  COST 


POWER  OUTPUT 

LEVEL.  KW 

(1! 

< 

faJ 

>• 

00 

PHOSPHORIC  O 

ACID  g 

P 

r* 

MOLTEN  g® 

CARBONATE  ^ 

SOLID 

POLYMER 

1.5 

NCA 

NCA 

NCA 

1985 

2.25E03 

NCA 

NCA 

1990 

1.50E03 

NCA' 

NCA 

2000 

9.00E02 

NCA 

l. 

.  28E03 

5.0 

1980 

NCA 

NCA 

NCA 

1985 

7.50E03 

NCA 

NCA 

1990 

5.00E03 

NCA 

NCA 

2000 

3.00E03 

NCA 

4. 

.  25E03 

20.0 

1980 
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Annual  Operations  and  Maintenance  Costa.  Fuel  cell  "Annual  Operations 
and  Maintenance  Costs"  parameter  values  are  presented  In  Table  40  and  In 
Figure  31. 

Table  40.  FUEL  CELL  ANNUAL  OPERATIONS  AND 
MAINTENANCE  COSTS  (1980  DOLLARS) 


llOOO.O 


1980 

NCA 

NCA 

NCA 

1985 

2.25E02 

NCA 

NCA 

1990 

1 . 50E02 

NCA  ' 

NCA 

2000 

9.00E01 

NCA 

1.28E02 

1980 

NCA 

NCA 

NCA 

1985 

7.50E02 

NCA 

NCA 

1990 

5.00E02 

NCA 

NCA 

2000 

3.00E02 

NCA 

4.25E02 

1980 

NCA 

NCA 

NCA 

1985 

3.00E03 

NCA 

NCA 

1990 

2.00E03 

NCA 

NCA 

2000 

1 . 20E03 

NCA 

1.70E03 

1980 

NCA 

NCA 

NCA 

1985 

4.50EO3 

NCA 

NCA 

1990 

3.00E03 

NCA 

NCA 

2000 

1.80E03 

NCA 

2.55E03 

1980 

NCA 

!  NCA 

NCA 

1985 

9.00E03 

NCA 

NCA 

1990 

6.00E03 

NCA 

NCA 

2000 

3.60E03 

NCA 

NCA 

1980 

NCA 

NCA 

NCA 

1985 

1 . 50E04 

NCA 

NCA 

1990 

1.00E04 

NCA 

NCA 

2000 

6.00E03 

NCA 

NCA 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

2.25E04 

2 . 50E04 

NCA 

2000 

1.25E04 

1.25E04 

NCA 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

2.50EO4 

3 . OOE04 

NCA 

2000 

2.00E04 

2.00E04 

NCA 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCa 

1990 

3.75E04 

NCA 

NCA 

2000 

3.00E04 

3.00E04 

NCA 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

5.00E04 

NCA 

NCA 

2000 

4.00EO4 

4 . 0OEO4 

NCA 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

2.50805 

NCA 

NCA 

2000 

2.00E05 

2.00E05 

NCA^ 
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System  Efficiency.  Fuel  cell  "System  Efficiency"  parameter  values  are 
presented  in  Table  41  and  in  Figure  32.  The  overall  efficiency  (thermal  and 


electrical)  of  each  of  the  fuel  cell  types  can  be  affected  by  the  capability 
to  utilize  the  waste  heat  from  the  system.  Molten  carbonate  fuel  cells 
operate  at  temperatures  greater  than  phosphoric  acid  fuel  cells  (about  400  to 
1400°F  compared  to  150  to  400#F).  This  permits  a  bottoming  cycle  to  be  used 
with  the  molten  carbonate  fuel  cell  for  further  electrical  production.  The 
solid  polymer  electrolyte  fuel  cell  operates  at  lower  temperatures  than  the 
phosphoric  acid  fuel  cell  and  provides  the  least  opportunities  for  waste  heat 
utilization. 

Table  41.  FUEL  CELL  SYSTEM  EFFICIENCY  (%) 
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Fuel  Consumption.  Fuel  cell  "Fuel  Consumption”  parameter  values  are 
presented  In  Table  42  and  In  Figure  33. 


Table  >2.  FUEL  CELL  FUEL  CONSUMPTION 


1 

1 
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Annual  Fuel  Coat.  Fuel  cell  "Annual  Fuel  Cost"  parameter  values  (based 
on  1980  dollars  and  no  real  escalation)  are  presented  in  Table  43  and  in 
Figure  34. 

Table  43.  FUEL  CELL  ANNUAL  FUEL  COST  (1980  DOLLARS) 


POWER  OUTPUT 

LEVEL,  KW 

YEAR 

PHOSPHORIC 

ACID 

MOLTEN 

CARBONATE 

SOLID 

POLYMER 

1.5 

1980 

NCA 

NCA 

NCA 

1985 

1.01E03 

NCA 

NCA 

1990 

9.3SE02 

NCA 

NCA 

2000 

8.91E02 

NCA 

7.12E02 

5.0 

1980 

NCA 

NCA 

NCA 

1985 

3.38E03 

NCA 

NCA 

1990 

3.11E03 

NCA 

NCA 

2000 

2.97E03 

NCA 

2.37E03 

20.0 

1980 

NCA 

NCA 

NCA 

1985 

1 . 35E04 

NCA 

NCA 

1990 

1.24Eo4 

NCA 

NCA 

2000 

1. 19E04 

NCA 

9.53E03 

30.0 

1980 

NCA 

NCA 

NCA 

1985 

2.03EO4 

NCA 

NCA 

1990 

1.87E04 

NCA 

NCA 

2000 

I . 79E04 

NCA 

1.43E04 

60.0 

1980 

NCA 

NCA 

NCA 

1985 

4.06E04 

NCA 

NCA 

1990 

3. 74E04 

NCA 

NCA 

2000 

3.58E04 

NCA 

NCA 

100.0 

1980 

NCA 
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NCA 
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NCA 

NCA 

1990 
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Figure  34.  FUEL  CELL  ANNUAL  FUEL  COST 


95 


w 


Life-Cycle  Cost.  Fuel  cell  “Life-Cycle  Cost"  parameter  values  are 
presented  In  Table  44  In  Figure  35.  The  life-cycle  cost  includes  the  cost  of 
replacing  the  fuel  cell  stack  every  5  years  over  the  20  year  operating  life  of 
the  system. 

Table  *4.  FUEL  CELL  LIFE  CYCLE  COST,  OZ  FUEL 
ESCALATION  (1980  CENTS/kWh) 


POWER  OUTPUT 

LEVEL,  KU 

YEAR 

PHOSPHORIC 

ACID 

MOLTEN 

CARBONATE 

SOLID 

POLYMER 

1.5 

1980 

NCA 

NCA 

NCA 

1985 

5.40 

NCA 

NCA 

1990 

4.56 

NCA' 

NCA 

2000 

3.91 

NCA 

3.56 

5.0 

1980 

NCA 

NCA 

NCA 

1985 

5.41 

NCA 

NCA 

1990 

4.53 

NCA 

NCA 

2000 

3.91 

NCA 

3.56 

20.0 

1980 

NCA 

NCA 

NCA 

1985 

5.41 

NCA 

NCA 

1990 

4.52 

NCA 

NCA 

2000 

3.92 

NCA 

3.57 

30.0 

1980 

NCA 

NCA 

NCA 

1985 

5.41 

NCA 

NCA 

1990 

4.54 

NCA 

NCA 

2000 

3.93 

NCA 

3.57 

60.0 

1980 

NCA 

NCA 

NCA 

1985 

5.41 

NCA 

NCA 

1990 

4.54 

NCA 

NCA 

2000 

3.93 

NCA 

NCA 

100.0 

1980 

NCA 

NCA 

NCA 

1985 

5.13 

NCA 

NCA 

1990 

4.  38 

NCA 

NCA 

2000 

3.55 

NCA 

NCA 

250.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

4.25 

4.02 

NCA 

2000 

3.42 

3. 16 

NCA 
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1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

3.78 

3.37 

NCA 

2000 
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2.93 

NCA 
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1980 
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1985 
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1990 
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2000 
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1980 
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1990 
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2.93 
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5000.0 
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1985 
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1990 

3.43 
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2.93 

NCA 
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Figure  35.  FUEL  CELL  LIFE-CYCLE  COST,  OX  FUEL  ESCALATION 


System  Volume.  Fuel  cell  "System  Volume"  parameter  values  are  presented 
In  Table  45. 

Table  45.  FUEL  CELL  SYSTEM  VOLUME  (CUBIC  FEET) 
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NCA 

NCA 
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3.0 
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3.0 

1980 

NCA 
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NCA 
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NCA 
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180 
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NCA 
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1985 

420 

NCA 

NCA 

1990 

340 

NCA 

NCA 

2000 

340 

NCA 

NCA 

1980 

NCA 

NCA 

NCA 

1985 

700 

NCA 

NCA 

1990 

650 

NCA 

NCA 

2000 

650 

NCA 

NCA 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

2000 

2000 

NCA 

2000 

2000 

2000 

NCA 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

4.0E03 

4.0E03 

NCA 

2000 

4.0EO3 

4. OLD 3 

NCA 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

6.0F.03 

NCA 

NCA 

2000 

6.0803 

6.0E03 

NCA 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

1 . 0804 

NCA 

NCA 

2000 

1.0E04 

1 . 0E04 

NCA 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 
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NCA 

NCA 

2000 

1.25E05 

1 ■ 25E05 
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System  Weight.  Fuel  cell  System  Weight"  parameter  values  are  presented 
In  Table  46. 

Table  46.  FUEL  CELL  SYSTIM  WEIGHT  (POUNDS) 


2 

> 

PHOS 
AC  II 

P—  H 

-j  a c 

25 

•j 

a  o 

i/i  a. 

Two* 

NCA 

NCA 

NCA 

1985 

2.SE02 

NCA 

NCA 

1990 

2.0E02 

NCA 

NCA 

2000 

2.0E02 

NCA 

2.0E02 

1980 

NCA 

NCA 

NCA 

1985 

8.75E02 

NCA 

NCA 

1990 

7.0  E02 

NCA 

NCA 

2000 

7.0  E02 

NCA 

7.0E02 

1980 

NCA 

NCA 

NCA 

1985 

3.5E03 

NCA 

NCA 

1990 

2.8E03 

NCA 

NCA 

2000 

2.8E03 

NCA 

2.8E03 

1980 

NCA 

NCA 

NCA 

1985 

5.2E03 

NCA 

NCA 

1990 

A.2E03 

NCA 

NCA 

2000 

4.2E03 

NCA 

4.2E03 

1980 

NCA 

NCA 

NCA 

1985 

1.0E04 

NCA 

NCA 

1990 

8.0E03 

NCA 

NCA 

2000 

8.0E03 

NCA 

NCA 

1980 

NCA 

NCA 

NCA 

1985 

1.8E04 

NCA 

NCA 

1990 

1 . 36EQ4 

NCA 

NCA 

2000 

1 . 36E04 

NCA 

NCA 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

3 . 4E04 

3.4E04 

NCA 

2000 

3. 4E04 

3 . 4  E04 

NCA 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

7 . 2E04 

7.2E04 

NCA 

2000 

7.2E04 

7.2E04 

NCA 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

1.2E05 

NCA 

NCA 

2000 

1 . 2 EOS 

1.2E0S 

NCA 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

1.6E0S 

NCA 

NCA 

2000 

1.6E0S 

1 . 6K05 

NCA 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

8.0E05 

NCA 

NCA 

2000 

8 .  OEOS 

8. OEOS 

NCA 

Fuel  Requirements  and  Capabilities.  The  designated  fuel  is  JP-4.  Since 
fuel  cells  actually  run  on  the  hydrogen  component  of  the  fuel,  they  may  have 
multi-fuel  capabilities,  at  least  as  consistent  with  the  fuel  processor  tech¬ 
nology  that  is  available  to  convert  the  fuel  into  a  form  suitable  for  fuel 
cell  use.  The  fuel  cell  is  not  sensitive  to  the  type  of  fuel  assuming  the 
fuel  produced  by  the  fuel  processor  does  not  contain  impurities  which  can 
affect  the  operation  of  the  fuel  cell.  Fuel  cells  are  affected  to  various 
degrees  by  Impurities  such  as  CO,  SO2,  Cl?*  N0X,  an<*  Molten 

carbonate  cells  are  expected  to  require  sulfur  removal  down  to  1  ppm. 
Phosphoric  acid  fuel  cells  require  CO  concentrations  of  less  than  4 X  and 
usually  require  a  shift  reactor  to  convert  CO  from  the  fuel  processor  and  w?n 
to  COj  and  Hj* 

Fuel  specifications  are  very  restrictive  because  unless  impurity  levels 
are  very  low,  the  catalyst  in  the  fuel  processor  may  he  ruined. 

Only  fuel  processors  for  methanol  are  current  technology.  Fuel  proces¬ 
sors  for  JP-4  and  diesel  are  under  development.  Although  methanol  is  not  a 
logistic  fuel,  it  may  he  a  preferred  fuel  cell  fuel  because  it  reduces  fuel 
processor  complexity. 

Start-up  Time.  Phosphoric  acid  fuel  cell  "Start-up  Time"  is  40  minutes 
at  1.5  and  5.0  kW,  45  minutes  at  20.0  kW,  60  minutes  at  30.0  and  60.0  kW,  120 
minutes  at  100.0  and  250.0  kW,  150  minutes  at  500.0  and  750.0  kW,  and  ISO 
minutes  at  1000. n  and  5000.0  kW.  Molten  carbonate  fuel  cell  "Start-up  Time" 
is  ISO  minutes  at  250.0  and  500.0  kW,  and  200  minutes  at  750.0,  1000. 0,  and 
5000.0  kW.  Solid  polymer  electrolyte  fuel  cell  "start-up  time"  is  40  minutes. 
Small  capacity  fuel  cells  using  methanol  fuel  can  have  shorter  start-up  times 
because  the  fuel  processor  is  not  massive  and  may  he  brought  up  to  the  low 
reforming  temperature  quickly  with  increased  fuel  consumption.  JP-4  fuel 
processors,  technically  known  as  "reformers,"  have  longer  start-up  times 
because  they  operate  at  high  temperatures,  and  start-up  operations  must  he 
slow  and  carefully  sequenced  to  avoid  thermal  shock  of  catalyst  support 
structure,  carbon  formation,  and  potential  catalyst  inactivations. 

Shutdown  Time.  Phosphoric  acid  fuel  cell  "Shutdown  Time"  is  30  minutes 
for  capacities  of  1.5  kW  to  100  kW,  60  minutes  at  250.0  kW,  00  minutes  at 
capacities  of  500.0  and  750.0  kW,  120  mintues  at  1000.0  kW,  and  150  minutes  at 
5000.0  kW.  Molten  carbonate  fuel  cell  "shutdown  time"  is  150  minutes  at 
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250.0  kW,  180  minutes  at  500.0  and  750.0  kW,  200  minutes  at  1000.0  kW,  and  240 
minutes  at  5000.0  kW.  Solid  polymer  electrolyte  fuel  cell  "shutdown  time"  is 
30  minutes. 

Reliability.  Fuel  cell  "Reliability"  has  an  ordinal  score  of  4  indicat¬ 
ing  moderate  reliability.  Fuel  cells  are  somewhat  more  reliable  than  diesels, 
mainly  because  of  fewer  moving  parts. 

Environmental  Constraints.  Fuel  cells  have  an  ordinal  score  of  5  indicat¬ 
ing  minimum  potential  environmental  constraints.  Fuel  cells  have  less  environ¬ 
mental  constraints  than  diesels.  Moise  may  be  minor  constraint. 

Location  Constraints.  Fuel  cells  have  an  ordinal  score  of  4  indicating 
moderate  locational  constraints.  Fuel  cells  have  less  locational  constraints 
than  diesels,  although  they  still  may  have  fuel  availability  and  delivery 
problems. 

Operation  Constraints.  Fuel  cells  have  an  ordinal  score  of  3  indicating 
average  turn-down  capability.  Oiesels  have  somewhat  less  operational  con¬ 
straints.  Fuel  cells  have  very  limited  overload  capability. 
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Photovoltaic  Energy  Conversion  Systems 

Three  types  of  photovoltaic  energy  conversion  systems  were  considered: 
passively  cooled  flat  plate,  photoelectrochemical,  and  actively  cooled.  The 
three  systems  are  diagramed  schematically  in  Figure  36.  A  photovoltaic  system 
consists  of  modules,  which  are  integrated  arrays  of  cells;  structures  to 
support  and  interconnect  modules;  and  balance  of  system  components  (controls, 
batteries,  inverters)  to  produce  an  entity  capable  of  serving  a  load.  Passive 
and  active  designs  were  based  on  performance  characteristics  as  reported  in  the 
data  base  for  single-crystal  silicon  photovoltaic  cells  applied  to  flat-plate 
and  concentrating  arrays  since  they  are  the  primary  commercially  availahlc 
photovoltaic  technology.  Actively  cooled  photovoltaic  svstems  are  interpreted 
as  defining  concentrating  collectors  that  require  active  cooling  of  photo¬ 
voltaic  cells  to  maintain  efficient  photovoltaic  solar  energy  conversion 
performance.  Flat-plate  and  photoelectrochemical  photovoltaic  systems  differ 
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from  actively  cooled,  concentrating  photovoltaic  systems  in  two  ways.  The 
first  difference  is  that  flat-plate  and  photoelectrochemical  systems  utilize 
the  total  insolation  —  that  is,  the  direct  or  specular  component  of  sunlight 
plus  indirect  or  diffuse  sunlight.  In  the  most  general  case,  photoelectro¬ 
chemical  systems  may  be  employed  with  sunlight  concentration.  Concentrating 
photovoltaic  systems  accept  only  the  direct  component  of  sunlight.  In 
addition,  because  of  the  use  of  concentrating  optics  they  must  track  the  sun  in 
at  least  one  axis  to  keep  the  sun's  image  properly  focused  upon  the 
photovoltaic  cells.  Flat-plate  and  photoelectrochemical  systems  are  generally 
fixed  and  do  not  need  to  track  the  sun,  although  sun  tracking  systems  mav  he 
employed.  Because  energy  production  of  photovoltaic  systems  is  dependent  on 
the  amount  of  solar  energy  falling  on  the  collector,  actively  cooled  systems 
suffer  somewhat  lower  performance  than  fixed,  flat-plate  photovoltaic  systems 
because  the  direct  component  of  insolation  is  always  less  than  the  total 
insolation.  However,  this  deficiency  is  substantially  overcome  by  tracking  the 
sun  so  that  insolation  availability  is  substantially  similar  for  both  fixed  and 
tracking  systems.  The  second  difference  ts  that  flat-plate  and 
photoelectrochemical  systems  operate  near  ambient  temperatures,  while 
concentrating  photovoltaics  are  actively  cooled  to  maintain  cell  temperature  at 
efficient  operating  conditions.  Hence,  concentrating  systems  are  able  to 
provide  low- temperature  thermal  energy  (<180#F)  for  other  uses  such  as  domestic 
hot  i  . *er  or  space  heating. 

Photovoltaic  energy  systems  require  batteries  as  a  means  of  electrical 
energy  storage  because  of  the  realities  of  the  day/night  cycle  and  the  trans¬ 
ient  nature  of  daytime  solar  availability  due  to  the  movement  of  the  sun  in  the 
sky  and  the  presence  of  clouds.  Inverters  are  necessary  to  convert  the  DC 
output  of  photovoltaic  systems  and  batteries  to  utility-quality  AC  power. 

Sizing  photovoltaic  arrays  —  that  is,  the  determination  of  array  area  and 
battery  capacity  to  produce  continuous  power  output  —  is  complicated  by  the 
fact  that  photovoltaic  systems  are  quite  sensitive  to  site.  In  a  high  insola¬ 
tion  site  such  as  in  the  Southwest,  a  considerably  smaller  array  is  required 
than  in  a  Midwest  or  Neareast  location.  The  design  method  used  is  not  directly 
applicable  to  concentrating  systems,  but  was  modified  as  necessary  to  size 
these  systems  with  reascpable  accuracy.  The  design  method  predicted  the 
required  array  size  to  produce  a  continuous  1  kW  output.  Note  that 
characteristic  data  for  photovoltaic  energy  conversion  systems  are  frequently 
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reported  on  a  peak  kilowatt  (kWp)  basis.  This  is  not  the  same  as  the  average 
kilowatt  basis  describing  conventional  energy  conversion  systems  such  as 
diesels.  Although  this  is  the  conventional  method  of  reporting  the  performance 
of  photovoltaic  technologies,  it  Is  thus  difficult  to  compare  different  energy 
technologies  on  the  same  basis.  Photovoltaic  conversion  device  performance  is 
established  under  "peak  insolation"  conditions  of  one  kilowatt  per  square 
meter.  Because  photovoltaic  systems  are  modular,  system  size  for  larger  outputs 
is  a  linear  function  of  the  desired  power  requirement.  (For  example,  a  5000 
kWg  system  is  5000  times  the  size  of  a  1  kW  system.)  Designs  were  prepared  for 
continuous  power  systems  for  Albuquerque  and  Madison  insolation  to  hracket 
insolation  regimes.  A  linear  interpolation  was  performed  on  the  resulting 
photovoltaic  array  area  and  battery  capacity  to  an  average  site  because  the 
data  base  developed  in  this  study  can  only  accept  parameters  of  one 
representative  case. 

Battery  storage  capacity  was  sized  such  that  no  energy  was  wasted  during 
the  design  month,  and  all  array  output  may  thus  he  applied  to  the  load.  Lead- 
acid  battery  technology  with  characteristic  parameters  as  reported  in  the  data 
base  was  used  as  the  means  of  electrical  energy  storage. 

The  results  of  the  photovoltaic  array  sizing  analysis  has  some  implica¬ 
tions  that  should  he  recognized.  Photovoltaic  systems  for  continuous  duty  are 
designed  to  produce  power  outputs  of  the  desired  value,  but  the  data  base  user 

must  realize  that  even  with  the  presence  of  energy  storage  in  the  system 
inherent  statistical  variations  in  insolation  availability  mav  lead  to  occa¬ 
sional  power  outages.  Outages  are  most  likely  to  occur  (albeit  infrequently) 
during  the  low-insolation  winter  months.  Because  the  photovoltaic  svstem  is 
considerably  oversized  to  guarantee  continuous  power  output  under  worst-month 
insolation  conditions,  significantly  greater  annual  power  output  (>  S7A0  kWWe/ 
year)  is  possible  if  a  load  and/or  energy  storage  exists  to  make  use  of  the 
system  output. 

Flat-Plate  Photovoltaic  System  Design 

Assumptions  and  data  input  values  for  this  design  are  summarized  below: 

•  Sites  considered  —  Albuquerque,  New  Mexico,  and  Madison,  Wisconsin 

•  Photovoltaic  system  sized  for  worst-month  insolation  on  tilted  collector 
surface 
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•  Collector  tilted  at  local  latitude  and  facing  due  south 

•  National  average  daily  December  insolation  on  south-facing  collector  at  45° 
tilt  angle  —  1204  Btu/ft2  day 

•  Reported  photovoltaic  array  efficiency  at  82.4°F  for  single-crystal,  flat- 
plate  collector  —  10. 6? 

•  Assumed  power  conditioning  system  efficiency  —  90% 

•  Reported  battery  efficiency  (lead-acid  technology)  —  79% 

•  Reported  allowable  battery  depth  of  discharge  —  80% 

•  Average  daily  total  insolation  on  tilted  collector: 

a.  Madison  —  987.7  Btu/ft2  Hay 

b.  Albuquerque  —  1906.4  Btu/ft2  day 

•  Flat-plate  collector  tilt  angle: 

a.  Madison  —  45° 

b.  Albuquerque  —  35° 

The  results  of  the  analyses  are  as  follows: 

•  Madison  flat-plate  photovoltaic  array  area  —  888  ft2/kW 

•  Madison  required  battery  storage  capacity  —  25.4  kWhg/kW 

•  Albuquerque  flat-plate  photovoltaic  array  area  —  444  ft  /kW 

•  Albuquerque  required  battery  storage  capacity  —  22.9  kwhg/kw 
Actively  Cooled  (Concentrating)  Photovoltaic  System  Design 

Assumptions  and  data  input  values  are  summarized  below: 

•  Photovoltaic  system  sized  to  worst  month  insolation  in  plane  of  collector 

•  Photovoltaic  collector  is  assumed  to  be  oriented  east-west  and  tracking 
about  a  horizontal  axis 

•  National  average  winter  insolation  in  plane  of  collector  —  1109  Rtu/ft2  day 

•  Reported  concentrating  photovoltaic  array  efficiency  —  9.1% 

•  Average  daily  Insolation  in  plane  of  collector: 

a)  Madison  —  1078.3  Btu/ft2  day  (November) 

b)  Albuquerque  —  1842.8  Btu/ft2  day  (February) 
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The  results  of  the  analyses  are  as  follows: 

•  Madison  concentrating  photovoltaic  array  area  —  1097  ft^/kW 

•  Madison  required  battery  storage  capacity  —  25.4  kWh/kW 

•  Albuquerque  concentrating  photovoltaic  array  area  —  634.1  ft^/kW 

•  Albuquerque  required  battery  storage  capacity  —  24.1  kWh/kW 

The  generic  design  of  flat-plate  and  concentrating  photovoltaic  energy 
conversion  system  was  determined  by  linear  Interpolation  on  the  primary 
independent  variable  characterizing  such  systems  —  the  average  insolation  In 
the  worst  month.  The  results  are  as  follows: 

•  Generic  flat-plate  photovoltaic  array  area  —  783. 5  ft^/kW 

•  Generic  required  battery  storage  capacity  for  flat-plate  photovoltaic 
systems  —  24.8  kWh/kW 

•  Generic  concentrating  photovoltaic  array  area  —  1078  ft^/kW 

•  Generic  required  hattery  storage  capacity  for  concentrating  photovoltaic 
systems  —  26.0  kWh/kW 

Therefore,  the  parameters  for  the  photovoltaic  system  as  reported  in  the 
data  base  are  based  on  the  above  array  and  storage  requirements  for  a  1  kW 
continuous  system  because  the  photovoltaic  systems  are  modular. 

Technology  Status.  Flat-plate  photovoltaic  systems  are  currently  avail¬ 
able  In  capacities  of  1.5  to  100.0  kW.  In  1985,  flat-plate  photovoltaic  sys¬ 
tems  are  expected  to  be  available  in  capacities  up  to  and  Including  500.0 
kW.  In  [990  flat-plate  photovoltaic  systems  are  expected  to  be  available  in 
capacities  up  to  and  including  750,0  kW.  In  2000,  flat-plate  photovoltai cs 
are  expected  to  be  available  in  all  capacities. 

Actively  cooled  photovoltaic  systems  are  currently  available  in  capa¬ 
cities  of  1.5  to  30.0  kW.  In  1985  they  are  expected  to  be  available  at 
capacities  up  to  and  Including  250.0  kW.  In  1990  actively  cooled  photovoltaic 
systems  are  expected  to  be  available  in  capacities  through  750.0  kW.  In  2000 
they  are  expected  to  be  available  in  capacities  through  1000.0  kW.  Photo¬ 
chemical  photovoltaic  systems  are  expected  to  be  available  at  capacities  of 
1.5  to  30.0  kW  in  2000.  Current  research  efforts  are  focusing  on  reducing  the 
cost  of  producing  photovoltaics. 
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Type ^  Photovoltaic  system  "Type"  parameter  values  are  presented  in 
Table  47.  At  the  output  levels  considered,  most  continuous  duty  photovoltaic 
systems  will  be  fixed. 


Table  47.  PHOTOVOLTAIC  SYSTEM  TYPE 
(Mobile,  Transportable,  Fixed) 
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NCA 
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1980 
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NCA 
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F 

F 

NCA 

1990 

F 

F 

NCA 

2000 

F 

F 

F 

20.0 

1980 

F 

F 

NCA 

1985 

F 

F 

NCA 

1990 

F 

F 

NCA 

2000 

F 

F 

F 

30.0 

1980 

F 

F 

NCA 

1985 

F 

F 

NCA 

1990 

F 

F 

NCA 

2000 

F 

F 

F 

60.0 

1980 

F 

NCA 

NCA 

1985 

F 

F 

NCA 

1990 

F 

r 

NCA 

2000 

F 

F 

NCA 

LOO.O 

1980 

F 

NCA 

NCA 

1985 

F 

F 

NCA 

1990 

r 

F 

NCA 

2000 

F 

F 

NCA 

230.0 

1980 

NCA 

NCA 

NCA 

1985 

F 

F 

NCA 

1990 

F 

F 

NCA 

2000 

F 

F 

NCA 

500.0 

1980 

NCA 

NCA 

NCA 

1985 

1  F 

NCA 

NCA 

1990 

F 

F 

NCA 

2000 

F 

F 

NCA 

750.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

F 

F 

NCA 

2000 

F 

F 

NCA 

1000.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

HCA 

1990 

F 

NCA 

NCA 

2000 

F 

F 

NCA 

5000.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

2000 

F 

NCA 

NCA 
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System  Acquisition  Cost.  Photovoltaic  "System  Acquisition  Cost" 
parameter  values  are  presentd  in  Table  48  and  in  Figure  37. 


Table  48.  PHOTOVOLTAIC  SYSTEM  ACQUISITION  COST 
(1980  DOLLARS) 


POWER  OUTPUT 

LEVEL,  KU 

OL 

< 

IsJ 

>* 

FLAT 

PLATE 

Ul  X 
>  Ui 
—  -J 

U  O 
<  * -J 

< 

li 

X 

LJ 

t— • 

X 

a. 

1.5 

"798?" 

2.84E05 

4.15E05 

NCA 

1985 

2.45E05 

3.57E05 

NCA 

1990 

2.07E05 

3.03E05 

NCA 

2000 

2.07E05 

3.03E05 

2. 07 EOS 

5.0 

1980 

9.48E0S 

l .  3 8 EOb 

NCA 

1985 

8.15E05 

1.19E06 

NCA 

1990 

6.92E05 

1.0IEO6 

NCA 

2000 

6.92E05 

1.01E06 

6. 92 EOS 

20.0 

L980 

3.79E06 

5.54E06 

NCA 

1985 

3.26E06 

4.76E06 

NCA 

1990 

2.77E06 

4.04E06 

NCA 

2000 

2 . 77E06 

4. 04 EOb 

2.77  EOb 

30.0 

1980 

5.69E06 

8.  31E06 

NCA 

1985 

4.89E06 

7 .  15 EOb 

NCA 

1990 

4.10E06 

5.98E06 

NCA 

2000 

4.10EO6 

5.98E06 

4.10E06 

60.0 

1980 

1.14E07 

NCA 

NCA 

1985 

9.81 EOb 

1 .43E07 

NCA 

1990 

8. 32E06 

1.20E07 

NCA 

2000 

8. 3 2 EOb 

1.20E07 

NCA 

100.0 

1980 

1.90E07 

NCA 

NCA 

1983 

1 .h3E07 

2. J8E07 

NCA 

1990 

1. 17E07 

1.99E07 

NCA 

2000 

1.37E07 

1.99E07 

NCA 

230.0 

1980 

NCA 

NCA 

NCA 

1985 

4.G8E07 

5.95E07 

NCA 

1990 

3.41E07 

4.98E07 

NCA 

2000 

3.41E07 

4.98E07 

NCA 

500.0 

1980 

NCA 

NCA 

NCA 

1985 

8.  I5E07 

NCA 

NCA 

1990 

6.83E07 

1.01E08 

NCA 

2000 

6.83E07 

1.01EO8 

NCA 

750.0 

1980 

NCA 

NCA 

NCA 

198S 

NCA 

NCA 

NCA 

1990 

1 . 04E08 

1 . 50E08 

NCA 

2000 

1.04E08 

1 . 50E08 

NCA 

1000.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

1.37E08 

NCA 

NCA 

2000 

1.37E08 

1.99E08 

NCA 

5000.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

NCA 

NCA 

NCA 

— 

6.83E08 

NCA 
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Annual  Operations  and  Maintenance  Cost.  Photovoltaic  “Annual  Operations 
and  Maintenance  Cost”  parameter  values  are  In  Table  4P  and  In  Figure  3R. 

Table  49.  PHOTOVOLTAIC  ANNUAL  OPERATIONS  AND 
MAINTENANCE  COST  (1980  DOLLARS) 


POWER  OUTPUT 

LEVEL.  KW 

YEAR 

u.  c_ 

UJ 

L-  -J 

< 

u 

UJ 

X 

1.5 

1980 

i  .  8 1 E04 

2 . 60E04 

NCA 

1985 

1 .54E04 

2.22E04 

NCA 

1990 

1.32E04 

1.89E04 

NCA 

2000 

1.32E04 

1.89E04 

1.32E04 

5.0 

1980 

6.05E04 

8.66E04 

NCA 

1985 

5.14E04 

7.39E04 

NCA 

1990 

4.40E04 

6.31E04 

NCA 

2000 

4.40EO4 

6.31E04 

4.40E04 

20.0 

1980 

2.42E05 

3. 47 EOS 

NCA 

1985 

2.06E05 

2.96E0S 

NCA 

1990 

1.76E05 

2.52E05 

NCA 

2000 

1.76E05 

2.52E05 

1 .  76E05 

30.0 

1980 

3.6  3E05 

5.21E05 

NCA 

1985 

3.08E05 

4.44E05 

NCA 

1990 

2.61E05 

3.74E05 

NCA 

2000 

2.61E05 

3 .  74E05 

2.61E05 

60.0 

1980 

7.28E05 

NCA 

NCA 

1985 

6.19E05 

8.88EOS 

NCA 

1990 

5.29E05 

7 . 50E05 

NCA 

2000 

5.29E05 

7.50E05 

NCA 

100.0 

1980 

1 . 2 1 E06 

NCA 

NCA 

1985 

1 .0JEO6 

1.48E06 

NCA 

1990 

8. 72E05 

I.24E08 

NCA 

2000 

8. 72E08 

1  .  24EOb 

NCA 

250.0 

1980 

NCA 

NCA 

NCA 

1985 

2.57E0H 

i. 70EOb 

NCA 

1990 

2. 17E06 

3.  UEOb 

NCA 

2000 

2.17E06 

3. lIEOb 

NCA 

500.0 

1980 

NCA 

NCA 

NCA 

1985 

5. 14E06 

NCA 

NCA 

1990 

4. 35E06 

6.31E06 

NCA 

2000 

4. 35E06 

b . 3 1 EOb 

NCA 

750.0 

1980 

NCA 

NCA 

NCA 

1985 

NCA 

NCA 

NCA 

1990 

6.62E06 

9.38E06 

NCA 

2000 

6.62E06 

9.38E06 

NCA 

1000.0 
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Figure  38.  PHOTOVOLTAIC  ANNUAL  OPERATIONS 
AND  MAINTENANCE  COST 


System  Efficiency.  Photovoltaic  "System  Efficiency"  parameter  values  are 
presented  in  Table  50  and  in  Figure  39.  Photovoltaic  system  efficiency  is 
defined  as  — 

((Monthly  average  system  energy  output  per  square  foot  of  array)  * 
(Monthly  average  insolation  in  plane  of  array)] 
where  insolation  is  for  the  month  with  the  lowest  Insolation  value. 

Table  50.  PHOTOVOLTAIC  SYSTEM  EFFICIENCY  (%) 
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Figure  39.  PHOTOVOLTAIC  SYSTEM  EFFICIENCY 
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Fuel  Consumption,  Because  photovoltaic  power  systems  use  only  sunlight 
as  their  "fuel"  source,  fuel  consumption  is  zero  for  all  system  capacities. 

Annual  Fuel  Cost.  Annual  fuel  cost  for  photovoltaic  power  svstems  Is 


xij 


zero  dollars  per  year 


Life-Cycle  Cost.  Photovoltaic  power  system  “Life-Cycle  Cost"  parameter 
values  are  presented  in  Table  51  and  in  Figure  40.  Recause  fuel  cost  is  zero, 
photovoltaic  power  systems  are  not  sensitive  to  fuel  cost  escalation  rates. 
Life-cycle  costs  are  based  on  two  replacements  of  the  lead-acid  battery 
storage  subsystem  during  the  20  year  economic  analysis  period  and  one 
replacement  of  the  inverter.  Replacement  costs  Include  installation  at  25*  of 
off-the-shelf  equipment  costs.  The  batteries  and  inverter  Installed  when  the 
photovoltaic  power  system  is  initially  Installed  have  an  installation  cost  of 
502  of  the  off-the-shelf  equipment  costs.  Rattery  costs  are  based  on  lead- 
acid  battery  costs  in  the  year  in  which  system  is  installed. 


Table  51.  PHOTOVOLTAIC  POWER  SYSTEM  LIFE 
CYCLE  COST  (1980  CENTS/kWh) 
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System  Volume.  Photovoltaic  power  “System  Volume"  parameter  values  are 
presented  in  Table  52. 

Table  52.  PHOTOVOLTAIC  POWER  SYSTEM  VOLUME  (Cubic  Feet) 
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System  Weight.  Photovoltaic  power  "System  Weight"  parameter  values  are 
presented  in  Table  53. 

Table  53.  PHOTOVOLTAIC  POWER  SYSTEM  WEIGHT  (POUNDS) 
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Fuel  Requirements  and  Capabilities.  Photovoltaic  power  systems  use  no 
fuel.  They  are  "fueled’'  by  sunlight.  In  sunny  areas  system  size  may  he 
reduced,  and  system  life-cycle  cost  correspondingly  reduced.  In  areas  with 
little  sun,  system  size  may  have  to  be  Increased  to  insure  acceptable  perfor¬ 
mance,  and  system  life-cycle  costs  will  be  increased. 

Start-up  Time.  Photovoltaic  power  system  "Start-up  Time”  is  5  minutes 
and  assumes  motor  starting  loads  are  present.  In  cases  where  minimal  motor 
starting  loads  are  present,  start-up  times  will  he  less  than  5  minutes. 

Shutdown  Time.  Photovoltaic  power  system  "Shutdown  Time”  is  one  minute. 

Reliability.  Photovoltaic  power  system  "Reliability"  has  an  ordinal 
score  of  3  indicating  average  reliability.  Photovoltaic  power  systems  have 
comparable  reliability  to  diesels.  Solar  availability  strongly  influences 
system  reliability. 

Environmental  Constraints.  Photovoltaic  power  systems  have  an  ordinal 
score  of  5  for  "Environmental  Constraints"  Indicating  minimum  potential 
environmental  constraints.  Photovoltaic  power  systems  have  less  environmental 
constraints  chan  diesels. 

Location  Constraints.  Photovoltaic  power  systems  have  an  ordinal  score 
of  3  indicating  average  location  constraints.  Photovoltaic  power  systems  have 
a  comparable  locational  constraint  rating  to  diesels.  Systems  will  not 
perform  well  at  high  latitudes  with  short  winter  days. 

Operation  Constraints.  Photovoltaic  power  systems  have  an  ordinal  score 
of  2  indicating  poor  turn-down  capability  with  large  efficiencv  penalty. 
Diesels  have  better  operational  constraints.  Photovoltaic  systems  have  no 
overload  capability. 
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Wind  Turbines 


There  are  two  types  of  wind  turbines  of  interest  in  this  study:  horizon¬ 
tal  axis  and  vertical  axis.  The  only  real  difference  between  the  two  is  the 
orientation  of  the  turbine  shaft  and,  therefore,  vertical-axis  wind  turbines 
do  not  have  to  track  the  wind  direction.  The  system  configuration  is 
presented  in  Figure  41.  Because  of  the  general  requirement  for  continuous  AC 
power  output,  wind  systems  Include  battery  storage. 

Because  the  wind  systems  are  dependent  upon  a  number  of  locational  fac¬ 
tors  (the  distribution  of  wind  speed)  and  machine  design  factors  (cut-in  sneed 
and  rated  wind  speed),  a  continuous  AC  power  output  system  of  10  kW  requires  a 
wind  turbine  with  a  rated  capacity  of  greater  than  10  kW.  To  appropriatel v 
identify  the  required  wind  turbine  rated  capacity  for  the  system  output 
requirements,  capacity  factors  were  calculated. 

The  capacity  factor  (CF)  of  the  wind  turbine  is  the  ratio  of  the  average 
wind  turbine  energy  output  in  a  specific  wind  speed  regime  to  the  rated  energy 
output  as  If  wind  speed  is  always  at  the  speed  at  which  the  wind  turbine  is 
rated.  The  capacity  factor  is  dependent  on  the  following  parameters: 

SI  5  Cut-in  speed  of  the  wind  machine  defined  as  the  wind  speed  at  which 
the  wind  machine  begins  to  produce  useful  power 

SR  =  Rated  wind  speed  defined  as  the  wind  speed  at  which  the  wind 
machine  produces  its  rated  power  output 


AC  POWER 


AC  POWER 
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Figure  41.  WIND  TURBINE  SYSTEMS 
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SA  =  The  time  weighted  average  of  the  wind  speed  during  a  month  at  the 
site.  This  procedure  assumes  that  wind  follows  a  Rayleigh  distri¬ 
bution  with  parameters  “g"  »  1  and  "c“  -  2.  The  mean  wind  speed  for 
system  design  should  be  for  the  worst  month  of  the  year  at  the  site 
under  consideration  to  ensure  that  the  system  will  meet  the  general 
requirements  of  continuous  power  output. 

To  determine  the  capacity  factors  for  the  wind  turbines,  the  cut-in  speed 
(SI)  and  the  rated  wind  speed  (SR)  were  obtained  from  the  literature  search 
and  the  surveys  on  the  wind  systems.  The  mean  wind  speed  (SA)  is  assumed  to 
be  8.1  mph,  which  is  the  mean  (standard  deviation  of  1.7  mph)  of  monthly  mean 
wind  speeds  for  70  nationwide  sites  for  the  month  of  August.  August  generally 
has  the  lowest  mean  wind  speeds. 

Given  the  capacity  factor  of  the  wind  machine,  the  rated  capacity  of  the 
wind  machine  at  continuous  power  output  levels  can  be  calculated  with  the 
following  assumptions: 

1)  nh  is  assumed  at  78% 

2)  Hj  is  assumed  at  907. 

3)  One  day's  electrical  energy  storage  is  assumed  for  807  depth  of  discharge 
of  hatteries  regardless  of  mean  wind  speed.  Thus,  a  10-kW  continuous 
system  requires  240  kWh  of  storage  or  300  kWh  of  batteries. 

4)  x  ■  0.5;  507  of  the  wind  machine  output  goes  directly  to  load,  and  507 
goes  to  storage  and  then  to  load. 

With  a  value  of  SA  of  8.1  mph,  the  rated  capacity  of  the  wind  turbine  is 
15.54  times  its  continuous  power  output  rating  (a  wind  turbine  for  ion  kW 
continuous  power  output  is  rated  at  1,554  kW). 

Note  that  the  capacity  factor  (CP)  is  quite  sensitive  to  the  mean  wind 
speed.  For  example,  cases  assuming  a  cut-in  wind  speed  of  7.5  mph  and  a  rated 
wind  speed  of  23.0  mph  and  four  mean  wind  speeds  of  8.1,  10,  12,  and  15  mph 
were  calculated  (tabulated  below).  Consequently,  the  parameter  values 
estimated  for  the  wind  systems  are  likely  to  be  overestimated  if  the  mean  wind 
speed  is  greater  than  8.1  mph  and  underestimated  if  the  mean  wind  speed  is 
less  than  8.1  mph. 
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Mean  Wind  Speed, 
_ mph _ 

S.l 

10 

12 

15 


Raced  Capacity  of  Wind  Machine 
Required  for  10  kW  Continuous, 
_ kW _ 

155 

69 

44 

29 


Technology  Status.  Vertical  axis  wind  turbines  are  currently  available 
in  capacities  of  1.5  to  5.0  kW.  In  19R5  they  are  expected  to  be  availahle  In 
capacities  through  10.0  kW.  In  1990  they  are  expected  to  be  available  in 
capacities  through  60.0  kW.  In  2000  they  are  expected  to  be  availahle  in 
capacities  through  100.0  kW. 

Horizontal  axis  wind  turbines  are  currently  available  in  capacities  of 
1.5  to  250.0  kW.  In  1985  they  will  be  available  in  capacities  through 
750.0  kW.  In  1990  they  will  be  available  in  capacities  through  1000.0  kW. 

The  primary  reasons  for  the  lag  in  the  availability  of  larger  capacity 
machines  is  the  lack  of  an  extensive  market  which  would  be  required  to  mini¬ 
mize  the  manufacturing  costs. 
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Type.  Wind  turbine  systems  "Type"  parameter  values  are  presented  in 
Table  54.  All  wind  turbine  systems  are  fixed. 

System  Acquisition  Cost.  Wind  turbine  "System  Acquisition  Cost” 
parameter  values  are  presented  in  Table  55  and  in  Figure  42. 


Table  54.  WIND  TURBINE 
SYSTEM  TYPE  (Fixed) 


Table  55.  WIND  TURBINE  SYSTEM 
ACQUISITION  COST  (1980  dollars) 
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Figure  42.  WIND  TURBINE  SYSTEM  ACQUISITION  COST 
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Annual  Operations  and  Maintenance  Cost.  Wind  turbine  "Annual  Operations 
and  Maintenance  Cost"  parameter  values  are  presented  In  Table  56  and  In 
Figure  43. 

Table  56.  WIND  TURBINE  ANNUAL  OPERATIONS  AND 
MAINTENANCE  COSTS  (1980  DOLLARS) 


a.  _j 

> 

u;  >: 

i  5 

1.5 

1980 

1 .81E03 

1.81E03 

1985 

I.42E03 

1.42E03 

1990 

1.38E03 

1.38E03 

2000 

1.38E03 

1.  38E03 

5.0 

1980 

5. 1SE03 

5.15E03 

1985 

3.91E03 

3.91E03 

1990 

3.83E03 

3.83E03 

2000 

3.83E03 

3.83E03 

20.0 

1980 

NCA 

1.87E04 

1985 

1 .  38E04 

1. 38E04 

1990 

1 .  36E04 

1 .  36E04 

2000 

1 .  36E04 

1 . 36E04 

30.0 

1980 

NCA 

2. 76E04 

1985 

2 . 02  £04 

2.02EO4 

1990 

1 . 99E04 

1 . 99E04 

2000 

1 . 99E04 

1 . 99E04 

60.0 

1980 

NCA 

5.38E04 

1985 

NCA 

3.94E04 

1990 

3.88E04 

3.88E04 

2000 

3.88E04 

3.88E04 

100.0 

1980 

NCA 

8.86E04 

1985 

NCA 

6.48E04 

1990 

NCA 

h.  29E04 

2000 

6.29E04 

6.29E04 

330.0 

1980 

NCA 

2.  IHE05 

1985 

NCA 

1 .60E05 

1990 

NCA 

1. 56E05 

2000 

NCA 

1  .  56E05 

500.0 

1980 

NCA 

NCA 

1985 

NCA 

3.  19E05 

1990 

NCA 

3.  11E05 

2000 

NCA 

3.  1 1E05 
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NCA 
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NCA 
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Figure  A3.  WIND  TURBINE  ANNUAL 
OPERATIONS  AND  MAINTENANCE  COST 
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System  Efficiency.  Wind  turbine  "System  Efficiency"  parameter  values 
presented  in  Table  57  and  in  Figure  44.  Wind  turbine  system  efficiency  is 
defined  as  — 

(Actual  system  continuous  output  at  mean  wind  speed  of  8.1  mph)  * 
(Power  in  wind  at  8.1  mph  mean  wind  speed) 

where  the  power  in  wind  takes  into  account  the  wind  speed  distribution. 


Table  5  7.  WIND  TURBINE  SYSTEM  EFFICIENCY  (7.) 
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Fuel  Consumption.  Because  wind  turbine  systems  use  only  the  wind  as 
their  “fuel”  source,  fuel  consumption  Is  zero  for  all  system  capacities. 

Annual  Fuel  Cost.  Annual  fuel  cost  for  wind  turbine  systems  is  zero 
dollars  per  year. 

Life-Cycle  Cost.  Wind  turbine  “Life-Cycle  Cost"  parameter  values  are 
presented  In  Table  58  and  In  Figure  45.  Because  fuel  cost  is  zero,  wind 
turbines  are  not  sensitive  to  fuel  cost  escalation  rates.  Life-cycle  costs 
are  based  on  two  replacements  of  the  lead-acid  battery  storage  subsystem 
during  the  20  year  economic  analysis  period  and  one  replacement  of  the  inver¬ 
ter.  Replacement  costs  include  installation  at  25*  of  off-the-shelf  eauipment 
costs.  The  batteries  and  inverter  installed  when  the  wind  turbine  system  is 
Initially  Installed  have  an  installation  cost  of  502  of  off-the-shelf 
equipment  costs.  Battery  costs  are  based  on  lead-acid  battery  costs  in  the 
year  in  which  system  Is  Installed. 


Table  58.  WIND  TURBINE  LIFE  CYCLE  COST 
(1980  CENTS/kWh) 


h 

M  J 

W  UJ 

S3 

m. 

< 

M 

>. 

< 

«  — 

< 

—  V* 

i  5 

_i.s 

TmT 

21.5 

21.5 

IMS 

19.3 

19.3 

1990 

18.4 

18.4 

2000 

18.4 

18.4 

s.o 

19  SO 

15.0 

15.0 

1985 

13.  2 

13.2 

1990 

12.6 

12.6 

2000 

12.6 

12.6 

20.0 

1980 

NLA 

11.4 

1985 

9.  75 

9.  75 

1990 

9.  )8 

9.  )8 

2000 

9.  18 

9.  38 

30.0 

1980 

NCA 

10.8 

1983 

9.15 

9.  15 

1990 

8.82 

8.82 

2000 

8.82 

8.82 

60.0 

1980 

NCA 

9.98 

1985 

NCA 

8.43 

1990 

8.11 

8.  11 

2000 

8.11 

8.11 

100.0 

1980 

NCA 

9.  57 

1985 

NCA 

8.05 

1990 

NCA 

7.51 

2000 

7.52 

7.51 

230.0 
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NCA 

9.07 

1985 

NCA 

7.59 
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NCA 

7.30 
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NCA 

7.30 

500. 0 
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NCA 

NCA 
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NCA 

7.58 
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NCA 

7.29 
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NCA 

7.29 

750.0 
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NCA 

NCA 
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MCA 

7.58 

1990 

NCA 

7.29 
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NCA 

7.29 
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NCA 
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NCA 
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NCA 
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System  Volume.  Wind  turbine  "System  Volume"  parameter  values  are 
presented  in  Table  59. 

Table  59.  WIND  TURBINE  SYSTEM  VOLUME  (CUBIC  FEET) 


POWER  OUTPUT 

LEVEL,  KW 

year 

_1 

J 

r-<  A 
& 

uj  X 

< 

~  VI 

i  5 

1.5 

1980 

1.98E02 

3.96E02 

1985 

1.98E02 

3.96E02 

1990 

1.98E02 

3.96E02 

2000 

1.98E02 

3.96E02 

5.0 

1980 

7.00E02 

l . 40E03 

1985 

7.00E02 

1.40E03 

1990 

7.00E02 

1 . 40E03 

2000 

7.00E02 

I.40E03 

20.0 

1980 

NCA 

1 . 03E04 

1985 

5.15E02 

1.03E04 

1990 

5. 15E02 

1.03E04 

2000 

5. 15E02 

I.03E04 

30.0 
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NCA 

1.85E04 

1985 

9.26E02 

1.85E04 

1990 

9.26E02 

1.85E04 

2000 

9.26E02 

1.85E04 

60.0 
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NCA 

5.02E04 

1985 

NCA 

5.02E04 
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2.51E03 

5.02E04 
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2.51E03 

5.02E04 

100.0 
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NCA 

1.04E05 
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NCA 

1.04E05 
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NCA 

1.04E05 
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1 .04E05 
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3.88E05 
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3.88E05 
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System  Weight.  Wind  turbine  "System  Weight"  parameter  values  are 
presented  in  Table  60.  Values  for  system  sizes  above  750  kW  should  he  used 
with  caution  because  of  large  variation  in  data  in  this  range. 

Table  60.  WIND  TURBINE  SYSTEM  WEIGHT  (POUNDS) 


1980 

9.53E03 

9.  53E03 

1985 

8.79E03 

8. 79E03 

1990 

8.50E03 

8.50EO3 

2000 

8.40E03 

8.40EO3 

1980 

2.9SE04 

2.95E04 

1985 

2.72E04 

2.  72E04 

1990 

2.63E04 

2.63E04 

2000 

2.8CE04 

2 . 80E04 

1980 

MCA 

9-88E04 

1985 

9.11 £04 

9. 11E04 

1990 

8.81E04 

8.81E04 

2000 

8.71E04 

8.71E04 

1980 

NCA 

1.42EG5 

1985 

1.31EOS 

1.31E05 

1990 

1.27E05 

1.27E05 

2000 

1.26E05 

1 . 26E05 
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NCA 

2.68E05 
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NCA 

2.47E05 
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2 . 39E05 

2. 39E05 
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2. 36E05 
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NCA 
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2000 
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NCA 
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NCA 
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Fuel  Requirements  and  Capabilities.  Wind  turbine  systems  use  no  fuel; 
they  are  "fueled"  by  wind.  In  areas  of  high  average  wind  speeds,  system  size 
may  be  reduced,  and  system  life-cycle  cost  correspondingly  reduced.  Tn  areas 
with  low  average  wind  speeds,  system  size  may  have  to  be  increased  to  ensure 
acceptable  performance  and  system  life-cycle  costs  will  be  Increased. 

Start-up  Time.  Wind  turbine  start-up  time  is  estimated  at  10  seconds  at 
1.5  and  5.0  kW  capacities,  1  minute  at  20.0  and  30.0  kW  capacities,  2  minutes 
at  60.0  and  100.0  kW  capacities,  and  5.0  minutes  for  capacities  of  250.0  kW  or 
more. 

Shutdown  Time.  Wind  turbine  shutdown  time  is  estimated  at  10  seconds  at 
1.5  and  5.0  kW  capacities,  1  minute  at  20.0  and  30.0  kW  capacities,  2  minutes 
at  60.0  and  100. 0  kW  capacities,  and  5  minutes  for  capacities  of  250.0  kW  or 
more. 

Reliability.  Wind  turbines  have  an  ordinal  score  of  2  indicating 
moderate  potential  unreliability.  Wind  turbines  are  less  reliable  than 
diesels  because  turbines  have  moving  parts  with  large  mass  and  experience  high 
stresses  at  high  wind  speeds. 

F.nvironmental  Constraints.  Wind  turbines  have  an  ordinal  score  of  5, 
indicating  minimum  potential  environmental  constraints.  Wind  turbines  have 
less  environmental  constraints  than  diesels.  Wind  turbines  may  generate 
ohjecttonal  low-f reauencv  tones. 

Location  Constraints.  Wind  turbines  have  an  ordinal  score  of  3  indicat¬ 
ing  average  locational  constraints.  Win,!  turbines  have  a  comparable  loca¬ 
tional  constraint  rating  to  diesels.  Wind  availability  is  the  maior 
constraint. 

Operation  Constraints.  Wind  turbines  have  an  ordinal  score  of  2  indicat¬ 
ing  poor  turn-down  capability  with  large  efficiency  penalty.  Diesels  have 
better  operational  constraints.  Wind  turbines  have  no  overload  capability. 


Batteries 


There  are  seven  types  of  batteries  of  interest  in  this  study,  although 
none  affect  the  conceptual  system  configuration:  Zn/C^  ( zinc-chlorine) , 

Zn/Br2  (zinc-bromine),  Ni/Fe  (nickel-iron),  Li-Al/FeS2  (lithium-aluminum/iron 
sulfide),  Na/S  (sodium/sulfur).  Advanced  Sealed  Lead  Acid,  Redox  Cr-Fe.  As- 
shown,  Figure  46,  the  system  consists  of  a  charger  and  the  battery.  However, 
the  charger  is  shown  only  because  the  cost  of  AC  power  into  the  battery  (as  DC 
power)  must  be  adjusted  for  the  efficiency  of  the  charger.  The  efficiency  of 
the  charger  has  been  assumed  at  HO?!. 

The  basis  of  parameter  values  is  delivered  capacity,  rather  than  rated 
capacity,  after  battery  allowable  depth  of  discharge  is  accounted  for.  Most 
batteries  may  only  be  discharged  to  a  fraction  of  their  rated  capacity  if 
acceptable  long-term  performance  and  life  is  to  be  obtained.  Allowahle  depth 
of  discharge  is  80%  of  rated  capacity  for  Ni/Fe,  Li-Al/FeS2,  lead  acid,  and 
Na/S.  Allowahle  depth  of  discharge  is  100%  of  rated  capacity  for  Zn/O^, 
Zn/Br2,  and  redox. 


AC  POWER 
(Charge) 


DC  POWER 

OUTPUT 

(Discharge) 


_ _ I 


NOTE  CHARGER  INCLUDED  ONLY  TO  ADJUST  AC  POWER  COSTS  FOR 
CHARGER  EFFICIENCY 

*88010154 


Figure  46.  BATTERY  SYSTEMS 
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Technology  Status.  Zn/Cl2  batteries  are  expected  to  be  commercially 
available  in  1990.  Zn/B^  batteries  are  expected  to  be  commercially  available 
in  1990.  Ni/Fe  batteries  are  expected  to  be  commercially  available  in  1985. 
Na/S  batteries  are  expected  to  be  commercially  available  in  1990.  Lead  acid 
batteries  are  commercially  available.  Redox  batteries  are  expected  to  be 
commercially  available  in  1990.  Current  research  is  focused  on  reducing  the 
volume  and  weight  of  batteries  while  increasing  efficiency  and  lifetime. 

Type.  Battery  "Type”  parameter  values  are  presented  in  Table  61.  Values 
are  based  only  on  a  battery  system  with  a  capacity  per  charge/discharge  cycle 
of  one  kWhr. 

Table  61.  BATTERY  TYPE 

PARAMETER:  TYPE _ UNITS  :Mobile(M)  /Transportable  (T)/  Fixed 

(at  1  kWhr  capacity) 
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M 

System  Acquisition  Cost.  Satterv  "System  Acquisition  Cost"  parameter 
values  are  presented  in  Table  67.  Values  are  based  on  a  battery  svstem  with  a 
capacity  per  charge/discharge  cycle  of  1  kWhr. 


Table  62.  BATTERY  SYSTEM  ACQUISITION  COST 


PARAMETER:  Systsa  Acquisition  Cost 


UNITS:  1980  Dollars/  kWhr  cspscity 
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Annual  Operations  and  Maintenance  Cost.  Battery  "Annual  Operations  and 
Maintenance  Cost"  parameter  values  are  presented  In  Table  63.  Operations  and 
Maintenance  cost  Is  taken  as  2%  of  system  acquisition  cost.  Operations  and 
maintenance  cost  values  are  based  on  a  battery  system  with  a  capacity  per 
charge/discharge  cycle  of  1  kWhr.  Values  are  based  on  battery  system  duty  of 
2  charge/  discharge  cycles  per  day.  Less  frequent  cycling  may  result  in 
reduced  operations  and  maintenance  costs. 

Table  63.  BATTERY  ANNUAL  OPERATIONS  AND  MAINTENANCE  COST 


PARAMETER:  Annual  Operations  and  Maintenance  Cost 
UNITS:  1980  Dollars/Year  per  kWhr  capacity 


tear  of 
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1.25 
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System  Efficiency.  Battery  "System  Efficiency"  parameter  values  are 
presented  In  Table  64.  System  efficiency  is  based  on  system  energy  output 
divided  by  system  energy  input  for  a  complete  charge/discharge  cycle. 


Table  64.  BATTERY  SYSTEM  EFFICIENCY 


PARAMETER:  EFFICIENCY _  UNITS:  PER  CENT 
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Annual  Electricity  Required  for  Charging,  Parameter  values  are  presented 
In  Table  65.  Parameter  values  are  based  on  a  system  that  delivers  one  kWhr  to 
load  per  charge/discharge  cycle,  2  cycles  per  day,  and  a  90%  availability  of 
the  system. 


Table  65.  ANNUAL  ELECTRICITY  REQUIRED  FOR  CHARGING  BATTERIES 


PARAMETER:  Annual  Electricity  Required  for  Charging 
UNITS:  kWhr 
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1.03E03 

NCA 

mm 

NCA 

—WZ - 

■WZTTm 

■WiTTIT^B 

_ NLA _ 

ram 

1.02F.+03 

■mi  ii  — 

■  H  '  IM 

■  Hll  11 

9.89E02 

nrrranM 

ram 

1.19E03 

mwm&m 

■  H 1 1 1  1  Mi 

— 

Annual  Cost  of  Electricity  for  Charging.  Parameter  values  for 
electricity  cost  based  on  1980  dollars  and  no  real  escalation  are  presented  in 
Table  66.  Parameter  values  are  based  on  a  system  that  delivers  one  kWhr  to 
load  per  charfce/discharge  cycle,  2  cycles  per  dav,  and  a  90%  availability  of 
the  system. 


Table  66.  ANNUAL  COST  OF  ELECTRICITY  FOR 
CHARGING  BATTERIES,  0%  FUEL  ESCALATION 


PARAMETER:  Annual  Cost  of  F.leccr li* J ty  Required  tor  Charging 


UNITS:  I960  Dollars 
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Life-Cycle  Cost.  Parameter  values  are  based  on  a  20-year  system 
lifetime,  2  charge/discharge  cycles  per  day,  replacements  of  batteries  when 
they  have  reached  the  end  of  their  cycle  lifetime,  and  902  availability  of  the 
system.  Life-cycle  costs  are  in  Table  67. 


Table  67.  BATTERY  LIFE  CYCLE  COST 

PARAMETER:  Life-Cycle  Cost 
UNITS:  1980  $  per  kWhr 
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System  Volume.  Parameter  values  are  based  on  a  system  capacity  of  1  kVhr 
per  charge/discharge  cycle.  Parameter  values  are  presented  in  Table  6«. 


Table  68.  BATTERY  SYSTEM  VOLUME 


PARAMETER:  Volume 

UNITS:  Cubic  feec/kWhr  capacity 
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System  Weight.  Parameter  values  are  based  on  a  system  capacity  of  1  tcWhr 
per  charge/discharge  cycle.  Parameter  values  are  presented  in  Table  6*1. 


Table  69.  BATTERY  SYSTEM  WEIGHT 


PARAMETER:  Height 

UNITS:  Pounds/kWhr  capacity 


Year  of 
Value 

Xa/Clj 
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1 

Summary.  The  1990  values  for  the  above  parameters  are  summarized  in 
Table  70. 

Fuel  Requirements  and  Capabilities.  Battery  systems  are  fueled  by 
electricity. 

Charging  Time.  Battery  systems  have  a  "Charging  Time”  of  4  hours.  They 
may  be  charged  more  rapidly,  hut  usually  with  a  penalty  on  efficiency  and 
lifetime. 

Oischarge  Time.  Battery  systems  have  a  "Discharge  Time"  of  8  hours. 
Discharge  times  of  as  little  as  4  hours  are  possible  with  little  negative 
impact  on  efficiency  on  lifetime.  Short  discharge  times  negatively  Impact 
efficiency  and  lifetime. 

Reliability.  LiAl/FeS2  and  Na/S  battery  systems  "Reliability"  have  an 
ordinal  score  of  3  indicating  average  reliability  because  of  their  high 
operating  temperature.  All  other  battery  systems  have  a  score  of  4  indicating 
moderate  reliability. 

Environmental  Constraints.  With  the  exception  of  Zn/Cl2  and  Zn/R^  bat¬ 
tery  systems,  battery  systems  have  an  ordinal  score  of  5  for  "Environmental 
Constraints"  indicating  minimum  potential  environmental  constraints.  Zn/C^ 
and  Zn/Br2  battery  systems  have  a  score  of  4  indicating  moderate  potential 
environmental  constraint  because  of  potential  for  release  of  toxic  chlorine 
( Cl 2 )  or  bromine  (B^)  fumes. 
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Table  70.  BATTERY  SYSTEMS  1990  PARAMETER  VALUES,  l  kWhr  CAPACITY 


Syetea  Height,  lba  2b. 1  40.5  53.2  25.4  34.4  67.6  36.0 


Location  Constraints.  Battery  systems  have  an  ordinal  score  of  3 
Indicating  average  locational  constraints.  They  must  he  located  near  a  source 
of  electricity.  Toxic  or  explosive  gases  can  he  generated;  therefore  prooer 
siting  Is  Important. 

Operation  Constraints.  Battery  systems  have  an  ordinal  score  of  3 
Indicating  average  turn-down  capability.  They  have  no  overload  capability, 
except  as  designed. 


Thermal  Energy  Storage  Systems 


There  are  six  thermal  storage  materials  considered  in  this  study: 

Olivine  Ceramic  Brick,  Magnesite  Ceramic  Brick,  Calcium  Chloride  Hexahydrate, 
Sodium  Sulfate  Decahydrate,  (Glauber's  Salt),  Sodium  Thiosulfate  Pentahydrate, 
and  Form-Stable  Polyethylene.  The  two  brick  materials  are  charged  with 
electric  resistance  heating  (Figure  47)  and  operate  at  temperatures  around 
1200°F.  The  latter  four  materials  are  phase-change  materials  and  are  charged 
with  a  working  fluid  (Figure  47).  The  operating  temperatures  are:  Sodium 
Sulfate  Oecahydrate,  about  73°F;  Calcium  Chloride  Hexahydrate,  about  81 °F; 
Sodium  Thiosulfate  Pentahydrate,  about  117aF;  and  Form-Stable  Polyethylene, 
about  225°F.  Although  all  of  these  media  can  be  used  for  space  heating,  the 
Form-Stable  Polyethylene  is  typically  considered  for  use  with  absorption 
chillers. 

Technology  Status.  All  media  are  commercially  available  except  for 
Sodium  Thiosulfate  Pentahydrate,  which  is  expected  to  be  commercial  in  1985, 
and  Form-Stable  Polyethylene,  which  is  expected  to  be  commercial  in  1990.  The 
leading  system  using  Sodium  Thiosulfate  Pentahydratt  transfers  heat  to  and 
from  the  salt  with  an  immiscible  liquid.  A  way  must  sill  be  developed  to 
prevent  emulsification  of  the  liquids  and  consequent  replacement  of  the 
medium.  Commercialization  of  Form-Stable  Polyethylene  awaits  successful 
scale-up  of  the  pilot  development  unit  and  volume  production  (estimated  to  be 
greater  than  10  million  pounds  per  year)  before  it  can  be  commercialized. 
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System  Acquisition  Coat.  Acquisition  costs  are  shown  in  Table  72.  Costs 
for  the  year  1990  are  shown  in  Figure  48  for  comparison  of  the  media. 


Table  72.  THERMAL  ENERGY  STORAGE  SYSTEM  ACQUISITION  COST 
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Figure  48.  THERMAL  ENERGY  STORAGE  ACQUISITION  COSTS 


Operation  and  Maintenance. 


Annual  O&M  costs  are  shown  in  Tahle 


73. 


These  costs  are  graphed  for  1090  in  Figure  49. 


Table  73.  THERMAL  ENERGY  STORAGE  OPERATION  AND  MAINTENANCE  COST 
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System  Efficiency.  All  TES  systems  are  presumed  to  have  952  efficien¬ 
cies.  This  Is  the  thermal  energy  output  divided  by  the  fuel  required  for 
charging. 

Annual  Energy  Required  for  Charging.  The  annual  energy  required  for 
charging  the  systems  are  shown  by  thermal  energy  capacity  In  Table  74.  This 
requirement  Is  shown  graphically  In  Figure  50. 


Table  74.  ANNUAL  ENERGY  REQUIRED  FOR  CHARGING  THERMAL  ENERGY  STORAGE  SYSTEMS 
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9.61E09 

9.61E09 

9.61E09 

9.61E09 

NCA 

1990 

9.61E09 

9.61E09 

9.61E09 

9.61E09 

9.61E09 

9.61E09 

2000 

9.61E09 

9.61E09 

9.61E09 

9.61E09 

9.61E09 

9.61E09 

37,500 
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1.44E10 

1.44E10 

NCA 

1.44E10 

1.44E10 
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1985 

1.44E10 

1.44E10 

1.44E10 

1.44E10 

1.44E10 

NCA 

1990 

1.44E10 

1.44E10 

1.44E10 

1.44E10 

1.44E10 

1.44E10 

2000 

1.44E10 

1.44E10 

1.44E10 

1.44E10 

1.44E10 

1.44E10 
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1.92E10 

1.92E10 

NCA 

1.92E10 

1.92E10 
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1985 

1.92E10 

1.92E10 

1.92E10 

1.92E10 

I.92E10 

NCA 

1990 

1.92E10 

1.92E10 

1.92E10 

1.92E10 

1.92E10 

1.92E10 

2000 

1.92E10 

1.92E10 

1.92EI0 

1.92E10 

1.92E10 

1.92E10 

250,000 

1980 

9.61E10 

9.61E10 

NCA 

9.61E10 

9.61E10 

NCA 

1985 

9.61E10 

9.61E10 

9.61E10 

9.61E10 

9.61E10 

NCA 

1990 

9.61E10 

9. 6 1 E 1 0 

9.61E10 

9.61E10 

9.61E10 

9.61E10 

2000 

9.61E10 

9.61E10 

9.6IEI0 

9.61E10 

9.HE10 

9.81E10 
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ALL  THERMAL  ENERGY  STORAGE  MEDIA 


Figure  50.  THERMAL  ENERGY  STORAGE  ANNUAL  ENERGY  REOUIREI)  FOR  CHARGING 


r 


Annual  Fuel  Cost.  Fuel  costs  are  presented  in  Table  75.  These  values 
reflect  constant  1980  dollars,  and  are  not  escalated  to  account  for  future 
price  increases. 


Table  75.  ANNUAL  COST  OF  ENERGY  FOR  CHARGING  THERMAL  ENERGY  STORAGE  SYSTEMS 


ANNUAL  COST  OF  ENERGY 
REQUIRED  FOR  CHARGING 
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Life-Cycle  Cost.  Life-cycle  coses  are  shown  In  Table  76  and  Figure  51 


Table  76.  THERMAL  ENERGY  STORAGE  LIFE  CYCLE  COST 


PARAMETER :  LIFE-CYCLE  COST _  umTS:  1980  Dollars/106  Btu 
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■MEJ9 

2.93 
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1985 
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4.51 

1990 

2.63 
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4.32 

4.51 

2000 

1.23 

2.63 

2.69 

4.32 

4.51 
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1980 

1.18 

2.57 

NCA 

2.75 

3.40 

NCA  I 

1985 

1.07 

2.31 

2.30 

4.25 

4.37 

NCA  1 

1990 

1.07 

2.31 

2.30 

4.25 

4.37 

2000 

1.07 

2.31 

2.30 

4.25 

4.37 

250 

1980 

0.96 

2.11 

NCA 

2.67 

3.14 

1985 

0.86 

1.90 

1.84 

4.18 

4.21 

1990 

0.86 

1.90 

1.84 

4.18 

4.21 

2000 

0.86 

1.90 

1.84 

4.18 

4.21 

500 

1980 

0.80 

1.79 

NCA 

2-62 

2.96 

NCA 

1985 

0.72 

1.61 

1.51 

4.12 

4.09 

NCA 

1990 

0.72 

1.61 

1.51 

4.12 

4.09 

1.46 

2000 

0.72 

1.61 

1.51 

4.12 

4.09 

1.46 

1000 

1980 

0.64 

1.48 

NCA 

2.56 

2.79 

NCA 

1985 

0.58 

1.33 

1.19 

4.07 

3.99 

NCA 

1990 

0.58 

1.33 

1.19 

4.07 

3.99 

1.10 

2000 

0.58 

1.33 

1.19 

4.07 

3.99 

1.10 

5000 

1980 

0.31 

0.83 

NCA 

2.45 

2.47 

NCA 

1985 

0.28 

0.  74 

0.51 

3.96 

3.79 

NCA 

1990 

0.28 

0.  74 

0.51 

3.96 

3.79 

0.26 

2000 

0.28 

0.  74 

0.51 

3.96 

3.79 

0.2b 

12500 

1980 

0.31 

0.48 

NCA 

2.45 

2.47 

NCA 

1985 

0.28 

0.44 

0.51 

3.96 

3.79 

NCA 

1990 

0.28 

0.44 

0.51 

3.96 

3.79 

0.26 

2000 

0.28 

0.44 

0.51 

3.96 

3.79 

0.26 

25.000 

1980 

0.31 

0.48 

NCA 

2.45 

2.47 

NCA 

1985 

0.28 

0.43 

0.51 

3.96 

3.79 

NCA 

1990 

0.28 

0.43 

0.51 

3.96 

3.  79 

0.26 

2000 

0.28 

0.43 

0.51 

3.96 

3.79 

0.26 

37,500 

1980 

0.30 

0.48 

NCA 

2.45 

2.47 

NCA 

1985 

0.27 

0.43 

0.51 

3.96 

3.79 

NCA 

0.27 

0.43 

0.51 

3.96 

3.79 

0.26 

0.27 

0.43 

0.51 

3.96 

3.79 

0.26 
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2.45 

2.47 

NCA 
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0.43 

0.51 

3.96 

3.79 
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0.51 

3.96 
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0.43 

0.51 

3.96 
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0.26 
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0.30 

0.48 

NCA 

2.45 

2.47 
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0.43 

0.51 

3.96 

3.79 

NCA 
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0.27 

0.43 

0.51 

3.96 

3.79 

0.26 
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S  0.27 

0.43 

0.51 

3.96 

3.79 

0.26 
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Volume.  System  volumes  are  presented  In  Table  77. 


Table  77.  THERMAL  ENERGY  STORAGE  SYSTEM  VOLUME 


PARAMETER :  VOLU 


UNITS :  Cubic  Fe«t 
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860 
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860 

NCA 

4000 

1650 

3300 

4000 

1650 

3300 

4000 

1650 

3300 

4000 

1650 

NCA 
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NCA 
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3200 
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3200 
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3200 

6500 

8000 

3200 

NCA 

40000 

14000 

33000 

40000 

14000 

33000 

40000 

14000 

ismi 

40000 

Weight.  Weights  of  the  various  systems  are  shown  in  Table  7R. 

Summary .  The  1990  values  of  the  above  parameters  are  summarized  in 
Table  79. 


Table  78.  THERMAL  ENERGY  STORAGE  SYSTEM  WEIGHT 


PARAMETER :  WEIGHT 


UNITS:  POUNDS 


3 

m 

m 

o 

>s 

¥■*  64 

«  3K  — 

a  oa  u 

C  u  m 
v  «  a. 
£60 

H  U  U 

Year 

O 

<N 

X 

NO 

u 

m 

o 

o 

X 

o 

o 

</) 

IN 

« 

X 

o 

<N 

X 

•n 

<*9 

o 

<N 

C/1 

m 

z 

Olivine 

Ceramic 

« 

44 

U 

m  «•* 

52 

a  « 

Form- St able 
Polyethylene 

so 

1980 

870 

840 

NCA 

230 

280 

NCA 

1985 

870 

840 

580 

230 

280 

NCA 

1990 

870 

840 

580 

230 

280 

610 

2000 

870 

840 

580 

230 

280 

610 

100 

1980 

1600 

1600 

NCA 

450 

560 

NCA 

1985 

1600 

1600 

1200 

450 

560 

NCA 

1990 

1600 

1600 

1200 

450 

560 

1200 

2000 

1600 

1600 

1200 

450 

560 

1200 

250 

1980 

3400 

3600 

NCA 

1100 

1400 

NCA 

1985 

3400 

3600 

2900 

1100 

1400 

NCA 

1990 

3400 

3600 

2900 

1100 

1400 

3000 

2000 

3400 

3600 

2900 

1100 

1400 

3000 

500 

1980 

6100 

6700 

NCA 

2300 

2700 

NCA 

1985 

6100 

6700 

5800 

2300 

2700 

NCA 

1990 

6100 

6700 

5800 

2300 

2700 

6100 

2000 

6100 

6700 

5800 

2300 

2700 

6100 

1000 

1980 

11000 

12000 

NCA 

4500 

5400 

NCA 

1985 

11000 

12000 

12000 

4  500 

5400 

NCA 

1990 

11000 

12000 

12000 

4  500 

5400 

12000 
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11000 

12000 

12000 

4500 

5400 
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39000 

52000 

NCA 
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NCA 

1985 

39000 
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52000 
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NCA 
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67000 
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120000 

140000 

57000 

67000 
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120000 

140000 

57000 
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NCA 

110000 
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130000 
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NCA 

170000 

190000 
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430000 
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NCA 
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430000 

170000 

190000 

450000 
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160000 
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430000 

170000 

190000 

450000 
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1980 

200000 

390000 

NCA 

230000 

260000 

NCA 

1985 
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390000 

580000 

230000 

260000 

NCA 

1990 

200000 

390000 

580000 

230000 

260000 

610000 

2000 
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390000 

580000 

230000 

260000 

610000 

250,000 

1980 

400000 

1600000 

NCA 

>100000 

1200000 

NCA 

1985 

400000 

1600000 

2900000 

>100000 

120000C 

NCA 

1990 

400000 

1600000 

2900000 

.100000 

1200000 

1000000 

2000 

/.  00000 

1600000 

290000^ 
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Table  7  9.  THERMAL  ENERGY  STORAGE  1990 
PARAMETER  VALUES,  1  MILLION  Btu  CAPACITY 


Fuel  Requirements  and  Capabilities.  Salt  phase-change  media  can  use 
solar  energy  or  waste  heat  at  temperatures  up  to  about  150*F.  Olivine  and 
ceramic  brick  systems  require  electricity  as  fuel  for  charging.  The  bricks 
could  be  used  in  systems  designed  for  direct  high-temperature  heat  storage. 
Form-stable  polyethylene  requires  heat  at  a  temperature  of  about  225°F. 

Charge  and  Discharge  Times.  The  time  required  to  charge  calcium  chloride 
systems  is  typically  9  hours,  for  sodium  sulfate  7  hours,  for  sodium  thiosul¬ 
fate  7  hours,  for  olivine  brick  ft  hours,  for  magnesite  brick  8  hours,  and  for 
form-stable  polyethylene  13  hours.  The  time  required  to  discharge  calcium 
chloride  systems  is  typically  15  hours,  for  sodium  sulfate  7  hours,  for  srHium 
thiosulfate  7  hours,  for  olivine  brick  10  hours,  for  magnesite  brick  14  hours, 
and  for  form-stable  polyethylene  6  hours. 

Operation  and  Maintenance.  Calcium  chloride  systems  are  very  simple  to 
operate  and  maintain.  They  have  no  moving  parts  unless  a  fan  is  used  to 
increase  the  rate  of  heat  transfer.  The  plastic  tuhes  holding  the  salt  should 
not  be  subjected  to  temperatures  above  150*F.  The  tubes  should  he  Inspected 
for  breaks,  as  lifetime  is  decreased  when  moisture  enters  or  leaves  the 
salt.  Additionally,  the  salt  is  corrosive,  although  it  is  compatible  with 
polyethylene,  various  plastic  films,  and  drawn  and  seamed  steel. 

Some  systems  ultllzlng  sodium  sulfate  and  sodium  thiosulfate  require 
pumps  or  agitation  for  mixing  the  hydrate,  which  adds  to  their  O&M  require¬ 
ments.  These  salts  are  also  corrosive. 

The  olivine  and  magnesite  systems  can  operate  automatically  based  on  out¬ 
side  air  temperature,  time-of-day,  or  a  signal  from  the  electric  utility;  they 
can  also  be  turned  on  manually.  Moving  parts  in  the  system  include  a  fan  and 
damper  mechanism  to  control  air  flow. 

The  form-stable  polyethylene  system  is  required  to  operate  at  225°F.  Its 
operation  will  probably  be  automatically  integrated  with  an  absorption  air- 
conditioning  system. 

Reliability.  Systems  utilizing  olivine  brick,  magnesite  brick,  calcium 
chloride,  sodium  sulfate  and  form-stable  polyethylene  have  moderate 
reliability  (ordinal  score  of  4).  Sodium  thiosulfate  systems  have  average 
reliability  (ordinal  score  of  3);  this  lower  reliability  is  expected  because 
of  more  moving  parts. 
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Environmental  Constraints.  All  systems  are  expected  to  have  minimum 
potential  environmental  constraints  (ordinal  score  of  5).  There  is  a 
potential  for  a  minor  noise  problem  when  fans  or  pumps  are  used.  There  is 
also  a  potential  for  chemical  leaks  in  the  salt-based  systems;  the  salts  are 
roughly  as  toxic  as  table  salt. 

Locational  Constraints.  All  thermal  enrgy  storage  systems  have  moderate 
locational  constraints  (ordinal  score  of  4).  For  the  salt-based  systems 
electricity  may  be  required  for  fan  or  pump  operation  or  charging,  depending 
on  the  application.  Some  systems  rely  on  passive  solar  gain,  in  which  case 
adequate  solar  insolation  must  he  available  at  the  site. 

The  olivine  and  magnesite  brick  systems  require  electricity  service  of 
208  volt  AC  (minimum).  Time-of-day  electric  rates  are  required  for  cost 
savings. 

Operational  Constraints.  Systems  using  olivine  brick,  magnesite  brick, 
calcium  chloride,  sodium  sulfate  and  form-stable  polyethylene  have  average 
turndown  capability  (ordinal  score  of  3).  Systems  based  on  sodium  thiosulfate 
have  moderate  turndown  capability  with  a  moderate  efficiency  penalty  (ordinal 
score  of  4). 
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CONCLUSIONS 


The  data  presented  In  this  report  were  provided  to  indicate  the  relative 
attributes  of  each  of  the  technologies.  The  data  were  gathered  during  1981- 
1982.  Obviously,  with  developing  technologies,  the  expected  performance  of 
the  technology  changes  over  time  as  more  is  learned  about  the  technology  and 
its  performance.  The  key  in  technology  development  for  competitive  systems  is 
for  the  developers  to  change  the  performance  of  their  technology  relative  to 
competition.  Consequently,  the  data  provided  here  represent  the  technologies 
and  the  expectations  of  development  during  1981-1982.  As  the  technologies  are 
developed  over  time,  not  only  will  the  absolute  values  of  performance  change 
but  so  will  future  expectations  of  performance  improvements  and  so  will  the 
relative  performance  of  the  technologies. 

Because  of  this,  the  data  presented  here  can  only  represent  a  starting 
point  from  which  the  technologies  must  be  continuously  monitored  to  insure 
that  significant  changes  in  the  relative  performance  of  the  various 
technologies  are  incorporated  into  the  data  base. 
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